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Preface 

On February 1 0- 1 1 ,  1 97 5 ,  a conference was hel d  at the Du l l es Marri ott 
Hote l on the top i c 11 Status and F uture Potenti al of Crysta l l ogra phy . . . Thi s 
conference ,  sponsored by the USA Nat i ona l Commi ttee for Crysta l l ography 
(USANCCr }  of  the Assembly of Mathemati ca l and Phys i ca l  Sci ences of  the Na ti on
al Researc h Counc i l , was su pported by the Chemi stry Sec t i on of the Na ti ona l 
Sc i ence Foundat i on under Contract No . NSF-C31 0 ,  T . O .  306 . 

The a i m  of  the conference wa s to ma ke an  i n-depth rev i ew of the sta tus 
and future poten t i a l  of  crysta l l ogra phy .  A conference organ i z i ng subcommi t
tee of fi ve topi ca l  c ha i rmen was nom i na ted by the C ha i rman of the USANCCr 
after consu l ta t i on wi th  severa l members of the crysta l l ogra ph i c  commun i ty .  
The top i cal  cha i rmen were charged wi th nom i na t i ng add i ti ona l members for'eac h 
of the top i ca l  subcommi ttees and with  esta bl i sh i ng fu nc t i ons  and sc hedu l es 
for the groups . 

Cons idera b l e  d i sc u s s i on entered i nto the sel ect ion of the top i ca l  sub
commi ttees i n  order to fu l fi l l c ri teri a of wi de exper i ence , a d i stri but ion  
of i nsti tut i ona l representa t ion from government , i ndu stri a l , u n i vers i ty ,  and 
pri vate l a boratori es and a l so a range of age groups . T he subcommi ttee on 
chemica l crysta l l ography was made l a rger than the other subcommittees to re
fl ect the cons i derab l e act i v i ty i n  th i s research a rea and requ i rements for 
adequate coverage.  

The topi ca l  c ha i rmen a ssume respons i b i l i ty for the product i on of  the 
i nd i vi du a l  sect ions tha t  compri se thi s report . Al thoug h t hey are ma i nl y  the 
res u l ts of efforts of the i ndi v i dua l subcommi ttees , the dra fts have been sub
j ected to a wi de rev i ew .  The broad knowl edgeab i l i ty of the commi ttee members 
prov i ded con s id erabl e commentary and d i scu ss i on a t  the conference as  we l l 
as  through ma i l  correspondence . I n  add i t i on ,  the top i ca l  cha i rmen canvassed 
a number of respected l eaders i n  the i r  respecti ve f i el ds . From 1 0 to 30 peo
pl e were contacted i n  eac h group .  The subcommi ttee on c hemica l  crysta l l o
g raphy a l so ma i l ed 200 quest i onna i res �o chem i ca l  c rysta l l ographers and rece ived 
about 1 00 responses . Th i s report ,  therefore , can be con s i dered to refl ect 
the vi ews of a su bstant i a l  segment of the commun i ty engaged i n  crysta l l ographi c 
researc h .  
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1 
I ntroduct i on 

Crysta l l og raphy i s  a broad sc i enti f i c  d i sc i pl i ne .  I n  the common vi ew, 
i t  concerns the i nvest i gat ion  of  the structure , i . e . , atomi c arrangements , 
of the vari ous states of matter , the tool s used to determi ne the struc tu res , 
particu l arl y d i ffract i on techn i ques , a nd the a na l yt i c  methods tha t a re appl i ed 
to the d i ffract i on patterns . I n  a deeper sense , however , the techn i ques and 
resu l ts of crysta l l ography are jo i ned wi th those of vari ous other sc i ent i fi c  
d i sc i pl i nes resu l ti ng i n  s i gn i fi ca nt and , a t  t i mes , dramati c devel opments  i n  
these f i el ds .  C rysta l l ography encompa sses i n  i ts pract ice  top i c s  o f  ba s i c  
and appl i ed i nterest that  range i n  context from the  phys i c a l  sc i ences to  the 
l i fe sc i ences , contri but i ng fundamenta l i nformation  a nd conti nued st imu l at ion  
to these f i el ds .  I t  provi des the  prec i se structura l  i nformati on wi thout whi c h  
t h e  appl i cati on o f  many other spectroscop ic  and phys i ca l  techn i ques wo u l d  be 
extremel y l imi ted , i f  not i mpos s i bl e ,  e . g .  s tudi es of  Moss bauer  resonances ,  
magneti c  properti es ,  optica l  phenomena , mi crotwi nni ng and mi crotexture i n  
re l at ion  to temperature, pressure and phase c hanges . An i mporta n t  part 
of the future of crysta l l ography may be descri bed i n  terms of i ts re l a 
ti onsh i p to probl ems a t  the forefront of  other sc i ent i fic  d i sc i pl i nes that 
compri se i ts concern a nd appl icati on . A study wa s  recen tl y compl eted for the 
Na ti ona l  Sc i ence Foundati on of the 11 C haracteri sti c s of Frequent ly  C i ted Papers 
in Chemi stry ,  1 1 i n  wh i c h  a tabu l a t i on wa s made of  the "c hemi ca l 11 arti c l es  most 
c i ted i n  1 972 . * I t  i s  of  i nterest to note that  7 of the top 1 1  papers are 
on c rysta l l ograph ic  subj ects . 

The broad range of  cons i derati ons addressed by crysta l l ography makei for 
some d i ffi cu l ty i n  categori z i ng the ac ti v i t i es tha t compri se thi s f ie l d .  * 
Because c rysta l l ography i s  l argel y concerned wi th the structure of matter 
and i ts phys i ca l , chemi ca l , and bi o l og i ca l  i mp l i cati ons , substances  i n  the 
var ious  states of  orderi ng i n  ma tter come wi th i n  i ts prov i nce . These i nc l ude 

*H. G .  Sma l l ,  C haracter i s t i c s  of Frequen tl y Ci ted Papers i n  Chemi stry, 
Contrac t No . NSF-C795 , September 1 974 (note page 21 ,  Tabl e 8 ) .  

**An i n s i g ht i nto the scope of crysta l l ography can be obta i ned from a 
l i st  of  the categori es under wh i c h  papers were sol i c i ted for the Tenth 
Assembl y  of  the I nternati ona l Un i on  of Crysta l l ography in  Amsterdam . 
August  1 975 .  Thi s l i s t i s  shown i n  Append i x  A .  
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ordered and  d i sordered crysta l l i ne substances , crysta l l i ne powders , f i bers , 
amorphous  sol i ds ,  f i l ms ,  membranes , l i qu i ds ,  and gases . Crysta l l ography i s  
a sc i ent i fi c f i el d  wi th a l ong trad i ti on a round whose  major ana l yt i ca l  too l - 
d i ffracti on--the present sc i ence ha s evol ved . The study o f  crysta l s  rema i ns 
an i mportant part bu t ,  neverthel es s ,  on l y  one part of  th i s  d i sc i p l i ne .  Even 
here the natu re of the app l i cat i ons cont i nues to expand wi th devel opments i n  
the i nvest i gat i ons  of ,  for examp l e ,  defects , el ectron d i str i buti on s ,  sol i d
sta te react i ons , and many other key stud ies  i n  var ious  sc i ent i fi c  fi el ds . 
A more genera l l y  descri pt i ve term that encompasses the broader i mp l i cat ions 
of the d i sc i p l i ne mi ght be the anatomy of  structure or , equ i va l entl y ,  struc
tura l topol ogy. Inc l uded in suc h  terms are , of  cours e ,  the tool s ,  tec hn i ques , 
concepts , and rami fi cati ons that ma ke crystal lography a comp l ete f i el d of 
sc i ence . 

An eva l uat i on can be made of  the potenti a l  of c urren t techni ques i n  the 
area of structu re determi nat i on of  crysta l l i ne materi a l s .  For good s i ng l e 
crysta l s of  modera te comp l ex i ty ,  i . e . , u p  to 1 00 atoms per a symmetr ic  un i t ,  
the pros pect o f  a s ucces sfu l determi na ti on o f  the atom i c  arrangements i s  qu i te 
good . The stru ctures  of  centrosymmetr i c  c rysta l s are read i ly  sol vabl e .  Among 
the approx imate ly  equa l -atom noncentrosymmetri c·crystal s ,  at  l east one ha l f  
of them are a s read i ly  solvabl e a s  centrosymmetri c  ones , roughly another one 
quarter are sol ved wi th some d i ff i cu l ty ,  and the rema i n i ng ones are sol ved 
wi th  cons i derabl e effort . A sma l l number rema i n  unsol ved .  I t i s  d i ff i c u l t 
to ma ke genera l sta tements about crysta l s hav i ng s i g n i fi cant l y  more than about 
1 00 atoms per asymmetr ic  un i t because not too many suc h c rystal s are read i l y 
obta i na b l e and the ones tha t  have been grown often g i v e  l imi ted d i ffract ion 
data . I t  i s  important to note that many c rysta l l i ne su bstances of key i mpor
tance do not form good s i ng l e c rysta l s ,  but the i r  structures can neverthel es s 
often be determi ned by spec i a l i sts  i n  the f i e l d of crysta l l ography .  I n  fact ,  
for ma teri a l s research and earth sci ences , crysta ll i ne samp l es of l im i ted 
q ua l i ty seem a l most to be a ru l e  rather than the except i on. Some examp l es 
are h i g hl i g hted i n  Chapter 5 .  

Other exampl es o f  stud i e s  on l arge asymmetr i c  un i ts tha t  come to mi nd 
a re those of the potent frog venom batrachotoxi n ,  a tox i n  that  profound l y 
affects the i on ba l ance at membranes and causes neuromuscu l a r  bl oc k ,  and of 
the mi nera l tr i dymi te ,  wh i c h  i s  of bas i c  s i gn i f i cance to an  understandi ng of 
the structure of  s i l i cate g l a sses . I n  the case of the tox i n ,  only one crysta l 
wa s ava i l abl e from an  extracti on of about 7000 frog ski n s ,  and i t  had a d i a 
meter of a bout 0 . 04 mm. The x-ray scatter i ng was very wea k, and a heavy 
a tom substi tuent caused a fourfol d ambi gu i ty i n  the i n terpretation  of the 
structure . The d i ff icu l t i e s  were overcome and the struc ture of wha t has proved 
to be an  i mportant  substance i n  neurophys io l ogi ca l  research  became ava i l a bl e ,  
thereby fac i l i ta ti ng i ts synthesi s and further study . 

I n  the i nvesti gat i on of the structure of terrestri a l  l ow·tridymi te ,  i t  
wa s necessary to unrave l  a fourfol d twi nn i ng pattern before proceed i ng to l ocate 
the 240 atoms i n  the compl ex a symmetri c u n i t of the c rysta l .  I n  both ca ses , the 
devel opments i n  a na lyt i ca l  tec hn i ques fac i l i tated the ana lys i s of the probl ems , 
but the sol uti ons were ac h i eved o�l y  by the add i t i ona l app l i cat i on of i ns i g ht ,  
i mag i nat i on ,  and a deeper understandi ng o f  the f i el d o f  structure ana l ysi s .  

The cons i derably  more comp l ex b i ol og i ca l  macromo l ecu l es ,  e . g . , prote i ns 
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and nuc l e i c  ac ids,  can  a l so be i nduced to form crysta l s . Because of  pos i 
t i ona l  d i sorders i n  the c rysta l s ,  the data are somewha t l im i ted rel a t i ve to 
the compl exi ty of the structures to be determi ned .  Nevertherl ess , by a pp l i 
cati on o f  the un i que ly  su i ted and effec ti ve i somorphous  heavy-atom rep l ace
ment tec hni que for struc ture determi nati on , cons i derabl e success has been 
ach i eved i n  unrave l i ng macromol ec u l a r  structures , g i v i ng a wea l th of structura l 
i ns i ght, and afford i ng the bas i s  for comprehend i ng the funct iona l  mec han i sms 
of  these important subs tances i n  the l i fe processes . 

The purpose of th i s  report i s  to exami ne the present status and fu ture 
promi s e  of the f ie l d of crysta l l ography .  To accompl i sh th i s ,  the range of 
concern of crysta l l og ra phy has been di v i ded i nto fi ve broad sect i ons : bi o
l og i c a l  macromol ecu l es , c hem i ca l  crys ta l l og raphy , d i ffraction  phys i c s ,  earth 
sc i ences , and materi a l s research . In each of  these sect i ons , a number of 
accompl i shments a nd s i gn i ficant  a reas for future devel opment are bri efl y  h i g h
l i ghted . 

Th i s report d i ffers from a prev i ous  on�t hat  dea l t  onl y wi th chemi ca l 
crysta l l ography a nd was i ntended to be adv i sory on ly  to the C hemi stry Sec
t ion of the NSF . The pres ent report con s i ders crysta l l ography i n  i ts broad
es t purvi ew and suggests g u i de l i nes for the future devel opmen t and fund i ng 
of crys ta l l ography i n  a l l i ts a spec ts .  In contrast  to the routi ne aspec ts 
of crysta l l ography ,  whose sol e performance cou l d  res u l t i n  the stagna tion  
of  the  sc i ence , we  are concerned here wi th empha s i z i ng those probl ems that 
a re both on the forefront of  sc i ence and that  req u i re the spec i a l i zed s k i l l s  
of wel l - tra i ned and experi enced i nvesti gators . 

I t  i s  i mportant to rea l i ze that  careful  crysta l l ograph i c  stud ies  demand a 
broad knowl edge of structure a nd a deep understand i ng of  subjects spec i a l  to 
the f i e l d, such as three-d i men s i ona l  symmetry ,  d i ffracti on theory , d i s l oca
t i ons,  and mosa i c  structu re of rea l crysta l s .  I n  contrast  to the use of x-ray 
structure ana l ys i s  on occas i on mere ly  a s  a s pec i a l  too l i n  the pursu i t  of a 
pa rt i cul ar  researc h  goa l , crysta l l ograph i c  i nvesti ga ti ons usua l l y  requ i re an 
awarenes s of fundamenta l and subtl e d i ff i cu l t i e s  suc h  a s  can ar i se from d i s
orders , twi nn i ng , and space group i denti f i ca ti on .  The i nvest i gator mu st be 
capabl e of  understand i ng the ra t i ona l e and o bj ecti ves of  modern crysta l l o
graph i c  computat i ona l  techn i ques and programs , and of knowi ng how to proceed 
when and i f  such programs do not immed i ate ly  funct ion as expected or adver
ti sed . Thi s ha s importa nt i mp l i ca ti ons for the tra i n i ng and support of 
crysta l l ograph i c workers whose maj or sc i ent i f i c  i n terests and goa l s wi l l  be 
i mprov.i ng ba s i c  theory, techn i ques,  procedures and i n strumentat ion . 

I f  th i s report ful f i l l s i ts obj ec t i ves , i t  wi l l  document for the reader 
a n umber of  characteri st i c s  of the d i sc i pl i ne of  crysta l l ography as  a funda 
mental' subj ec t  that affords a broad bas i s  and the st imu l at ion  for major  ad
vances i n  many sc i enti f i c  d i sc i p l i nes . The accompl i s hments to date,  wh i l e  
n umerous , portend even grea ter advances i n  the future . T hese maj or advances 
are most l i ke ly  to be made by workers who have broad experti se both in crysta l 
l og raphy and other rel evant fi el ds of sc i ence . 

* " Present Sta tu s a nd Futu re Trends of  Chem i ca 1 Crysta 1 1  ography", Report of a 
Conference sponsored by the Nat i ona l Sc i ence Foundat ion , he l d  at  Ai rl i e  Hou se 
Va . ,  Oct .  20-2 1 ,  1 973 . 
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2 
B i o l og ica l  Mac romol ec u l es 

I ntrod uc t i on 

X-ray c rys ta l l ography ha s ,  d uri ng the l ast 20 years , revo l ut ion i zed 
the b i ol og ica l  sc i ences . Th i s fac t i s  ev i d enced not on l y  by the awards of 
No bel Pr i zes to Cr i ck , Wa tson , and Wi l ki ns  for the determi na ti on  of  the stru c 
tu re of DNA a nd t o  Perutz a n d  Kendrew for the determ i nat ion  of the fi rst pro
tei n s truc tu res but a l so by the evo l ut i on of the new d i sc i p l i ne of mo l ec u l a r  
bi o l ogy . Furthermore , the i ncrea se ,  du r ing  the l a st decade , i n  the number 
of macromol ec u l ar  c rysta l l ographers i s  a further i nd i cat ion  of the importance 
of crysta l l og raphy to the l i fe sc i ences . I n  1966 , there were perhaps  10 l a bo
ratories  i n  the Un i ted Sta tes i n  whic h protei n crys ta l s  were bei ng ac t i ve ly  
stud i ed  by x-ray crys ta l l ography .  At present , there are about  60 l abo ra tori es ,  
and the n umber o f  i nvesti ga tors ha s i nc reased from about  25 to over 300.  

X-ray crys ta l l ogra phy i s  the on l y  method that permi ts the determ i na ti on 
of  the three-d i men s i ona l struc tu re of bi o l og i c a l  macromol ecu l es . Tec hn i ques , 
s uch a s  c hemica l  mod i fi cati on , NMR, UV , I R ,  ESR , a nd ma ss spec troscopy may 
prov i de i nformation t ha t  i s  not access i bl e  by x-ray d i ffrac ti on ,  but they 
are d i ff i cu l t to appl y effec ti vely to macromol ec u l es whose struc tures a re 
u nknown . The most  effec ti ve ana lyses of bi o l og ica l  systems have come from 
a concerted effort u s i ng a combi na ti on of x-ray crystal l ography wi th other 
bi ochemic a l  a nd b i ophys ica l  techn i ques .  

To  date ,  the three-d i mens i ona l structures of  about 70  protei ns have 
been determi ned . Th i s  i s  only a t i ny fracti on  of the g l obu l ar  protei n s ,  l et 
a l one of a l l b i o l og ica l  macromol ec ul es ,  yet the impac t of these d i scover i es 
has been enormous.  The genera l na ture of g l obu l a r  protei n s  has been revea l ed- 
thei r s i ze and s hape , the types of fo l d i ng that can occu r ,  the nature 
of the i nteractions  both wi thi n protei n mol ec ul es and between them , a nd var
i ous other properti es. The geometr ica l a rra ngements of cata l yt ica l ly impor
ta nt res i dues have been revea l ed for a n umber of enzymes , and i n  some ca ses 
the mec han i sm of  act i on ha s been defi ned i n  a manner not heretofore pos s i bl e .  
Al so , the rel a ti onshi ps  between fami l i es of protei ns wi th rel a ted funct ions , 
s uc h  a s  the g l obi n s ,  proteases , and dehyd rogenases , are becomi ng c l ea rer . 
Compa rati ve stud i e s  of s i mi l ar protei ns from d i fferent spec i es have made i t  
poss i bl e  to beg i n  to understand evo l ut i on a t  the mo l ecu l ar l evel . 

Neverthel ess major u nanswered probl ems rema i n .  For examp l e , attempts 
to pred i c t  the s truc tures of protei ns from thei r ami no ac i d  sequences are 
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far from sa ti sfactory .  Al so ,  t he evo l ut i onary rel at ions h i p ,  i f  any ,  between 
d i fferent s tructures that have certa i n  e l ements i n  common , i s  not wel l under
stood . Furthermore , there a re many c l a s ses of bi o l og ic a l  ent i t i es whose 
struc tures a re ,  at  presen t ,  l arge l y  unexpl ored a l though they are potent i a l l y  
access i bl e  to study by d i ffract i on techn i ques . Exampl es i nc l ude membranes , 
g l ycopro tei ns , l i poprotei n s ,  protei n -nuc l ei c  ac i d  comp l exes , v i ruses , and 
assembl i es of  p rote i ns  suc h as r i bosomes and mu l ti enzyme compl exes . 

I n  the fol l ow.i ng sect i o ns we bri ef ly  descri be the maj or a reas of researc h  
i n  macromol ec ul ar crys ta l l ography ,  i nd icat i ng the overa l l impac t  and impor
tance of each a rea a nd poi nt i ng out  future appl i cati ons  and u nresol ved pro
bl ems .  

Protei n Struc ture Determi nati on 

The f i rs t protei n structure " so l ved " wa s that of myog l obi n ,  by Kendrew 
a nd co l l aborators i n  1960 (1) . S i mu l taneousl y,  Perutz and co-workers obta i ned 
a l ow-reso l ut i on e l ectron dens i ty map of hemog l obi n { 2 ) .  I t  was not u nt i l 
1965 tha t  Ph i l l i ps and co-workers determi ned the struc ture of lysozyme { 3 ) ; 
however , i n  1967 four new prote i n structures were reported { 4 ) . S i nce that 
t ime the a nnual  output ha s stead i l y  i ncreased , reac hi ng about  15 i n  1974 , 
bri ng i ng the present tota l of known protei n structures to about  70, and i n 
c l u d i ng g l ob i n s ,  proteases , l ysozymes , nuc l eases , cytoc hromes , g lyco lyt i c  
enzymes , el ectron transport protei ns , a nd immunog l obul i ns.  

The determi nati on of new struc tures rema i ns a major acti v i ty in  the 
f i el d ,  a l thoug h ,  as po i nted out  i n  the I ntrodut i on and bel ow , an equa l l y  l a rge  
effort i s  be i ng i nvested i n  cont i nu i ng anal yses of  " o l d "  structures and com
pari sons between t hem. 

The major probl ems i n  s tructure determi nati on are often not crysta l l o
g raph ic  but rather b i ocrys ta l l ogra phic , f i rst i n  obta i n i ng su i tabl e c rystal s 
a nd  second i n  f i nd i ng sati sfactory i somorphous heavy-a tom deri vat i ves . Con
s i derabl e experience i s  bei ng ac cumu l a ted i n  crysta l l i zati on of sol ubl e 
g l o bu l a r  protei n s ,  but  a thorough understand i ng of  the crys ta l l i za ti on process 
i s  l ack i ng . I n  partic u l ar , methods that mi ght be appl i ca bl e to the crysta l l i 
zati on of nonsol ubl e mo l ecu l es suc h a s  those a ssoc i a ted wi th membranes have 
not been deve l oped. S imi l arl y,  many s uccessful  heavy-a tom der i va ti ves have 
been obta i ned , but rel ati vely few methods  of genera l appl i ca bi l i ty ha ve emerged. 

The determi nat ion  of the three-d i mens i ona l structure of a crysta l l i ne 
protei n remai ns-a major  underta ki ng , perha ps requ i r i ng many yea rs of effort . 
An even l onger period may be spent devel opi ng the i nformat i on tha t has been 
o bta i n ed .  Never thel ess ,  we expec t these t imes to decrease subs tanti a l l y  
i n  both a rea s a s  equ i pment a nd techn i ques  devel op .  

The f i rst protei n s truc tures i nd ic a ted the genera l nature and  compl ex i ty 
of protei n a rc h i tec tu re. A d i rect v i sual i zati on of the a- he l i x  was ac hi eved 
i n  the e l ectron dens i ty map of myog l ob i n ,  and subsequent struc tures have shown 
tha t  the p l ea ted s heet i s  a l so an important struc tu ra l  component . 

Al ready four d i st i nct  fami l i es of homo l ogous protei n structures have 
been observed--the g l ob i n s ,  the ser i ne proteases , immunog l o bu l i ns ,  and dehy
d rogena ses .  Comparati ve s tud i es wi thi n eac h  c l ass have prov i ded many important 
i ns i g hts . A compari son of hemog l obi ns from wide ly  d i fferi ng sources ha s demon
strated the conserva ti on of three-d i mens i ona l  structure duri ng the course  
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of evo l u ti on . Ana l ys i s of the seri ne protea ses has revea l ed the struc tura l  
bases for the prec i se spec i fi c i ti es of these enzymes . Ana lys i s  of the crysta l 
struc tu res of i mmunog l o bu l i ns ha s a l ready demonstrated the underly i ng ba s i s  
for the d i vers i ty o f  ant i body spec i fi c i ty .  I n  the ca se of the dehydrogena ses 
the surpri s i ng observation  ha s been made of a s i mi l ar nucl eoti de-bi nd i ng re
g i on , desp i te the presence of q u i te d i fferent conforma t i ons i n  the substra te
spec i f ic  reg i on of the mo l ecu l e .  These struc tura l  compari sons have permi tted 
a n  a na l ys i s of evol u ti on at the mol ec ul ar l eve l and have made i t  poss i bl e  
to beg i n  studyi ng evo l ution  of b i ol og i c a l  functi on .  Other protei ns  whose  
s truc tures have been determi ned show g reat d i vers i ty ,  sugges ti ng the  ex i s
tence of many other fami l i es .  At presen t ,  i t  a ppears tha t i t  wi l l  requ i re 
many crysta l -struc tu re determi nati ons to expl ore the poss i bi l i ty tha t pro
tei ns  may bel ong s i mpl y to a l imi ted number of fami l i es. 

Stud i es of  mul ti subun i t enzymes ha ve prov ided i nformation  a bout  the 
mod e of assoc i a ti on i n  the forma ti on of l arger compl exes a nd , i n  the ca se 
of hemog l obi n ,  have a l ready provi ded a n  examp l e of the cooperat i ve control 
of  a bas ic  b i o l og i c a l  process . 

Crysta l  B i ochemi stry 

X-ray crys ta l l ography has been un i que i n  revea l i n  the structures of 
b i omo l ec ul es but has al so been effect i ve i n  a l l owi ng the v i sua l i zat i on of com
p l exes between prote i n s  and the i r su bstra tes . there i s  an abundanc e  of evi dence 
tha t  the s truc tures of enzymes i n  the crys ta l l i ne sta te a re s im i l ar or i dent i 
cal  to those i n  so l u t ion , a nd i t  ha s been demonstra ted i n  many cases that 
enzymes i n  the crysta l l i ne state are acti ve. I n  contrast  to crysta l s of sma l l  
mo l ec u l es , c rys ta l s of protei ns  have open cha nnel s through wh i c h  sol vent and 
smal l mo l ecu l es  may d i ffuse .  Thus , by u s i ng su i tabl e substrates , en zymat ica l ly  
cata lyzed reacti ons can  ta ke p l ace wi thi n the crys ta l s .  By us i ng i nh i bi tors 
a nd subs trate a na l ogs that form s tabl e comp l exes wi th the enzyme , the structures 
of s uch  compl exes can  be determi ned d i rectl y  by d i fference techn i ques , wh i c h  
can b e  very powerfu l when appl i ed i ntel l i gent ly ,  and have been wi d el y  appl i ed 
to many d i fferent protei ns.  The d i fference tec hn i que i s  very versati l e  and 
can be a ppl i ed to a ny pa i r  of 11 i somorphous 11 crysta l s. I n  add i t i on to studyi ng 
s ubs trate b i nd i ng ,  crys ta l l og raphic  techni q ues have a l so been effect i ve i n  
compa ri ng muta nt hemog l obi n s ,  i n  determi n i ng the effect of pH changes on pro
tei n s truc ture , i n  studyi ng meta l removal a nd repl acement i n  protei ns , and 
i n  a na lyzi ng the b i nd i ng of sa l ts and denatu ra nts. Attempts are be i ng made 
to use l ow-temperatu re crysta l l ography to exami ne d i rect ly  the compl exes be 
tween enzymes a nd  thei r na tu ra l  substrates. 

The deta i l ed mechan i sms of enzyme ac t i on have been worked out i n  a way 
tha t  woul d have been unthi nkabl e wi thout x-ray crysta l l ography .  However , 
the x-ray tec hn i ques cannot be used to an l ayze rapi d  dynamic  processes d i rec tly .  
Such  l i mi tat ions  have been overcome i n  a number of i nstances by a combi nat ion  
of  other phys ica l  and c hemi ca l  tec hn i q ues.  An  exampl e of  thi s wou l d be the 
app l i ca ti on of NMR spectroscopy to the i dent i fi cati on of ac ti ve hi st i d i nes , 
the i r  pK ' s a nd thei r rol e i n  the mec ha n i sm of ac ti on of ri bonuc l ea s e .  Thus , 
i t  i s  c l ea r  that the deta i l ed u ndersta nd i ng of the func t i on of bi o l og i ca l  
mol ecu l es wi l l  not ,  i n  genera l , come from c rysta l l og raphy a l one but rather 
through  the s k i l l fu l  a ppl icat ion  of a va ri ety of b i ochem ica l  techn i ques . 
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I t  i s  i mportant  that the tra i n i ng of a protei n  crysta l l ographer shou l d  
i nc l ude fami l i ar i za ti o n  wi th a t  l ea st the more important of the bi ophys i ca l  
and b i ochem ica l  methods tha t  are cu rrent ly  ava i l abl e .  Converse ly ,  there i s  
sti l l  a rea l need to educa te the bi ochemica l  communi ty i n  the cri ti ca l  eva l ua
ti on of c rysta l l og raph i c f i nd i ng s .  

Refi nement 

A protei n s tructure, as  f i rst determi ned by x-ray crys ta l l ogra phy ,  i s  
u sua l l y o f  l im i ted accuracy- - typ i ca l ly the coordjnates of most a toms i n  
the s truc tu re wi l l  be determi ned wi thi n 0 . 5-1 . 0  A, whi l e  l oca l reg ions  may 
be s ubj ect  to l arger errors . Wh i l e  th i s  imperfec t determi nati on of the struc
ture can  be i nformati ve,  i t  i s  des i rabl e for a number of reasons to improve 
the accu racy .  

Th i s process o f  refi nement ( i mprovement o f  the fi rst approx i ma te mol e
cu l ar  model ) has turned out to be nontr i v ia l  for protei ns . I n  part,  the quan
ti ty of  da ta to be ma n i pul ated i s  formi da bl e, and i n  add i t i on the probl em 
i s  not wel l determi ned. In recent yea rs , a cons i derabl e break-through 
i n  th i s a rea ha s been made, fi rst i n  the l abora tory of Jensen (5) and subse
quently  i n  severa l others . As a resul t ,  severa l protei ns have now been deter
mi ned to a coord i na te accuracy of a bout 0 . 2  A. Notwi ths tand i ng the cons i der
a bl e  tec hn i cal  ach i evement tha t these resu l ts represent, the quoted ac curacy 
i s  s t i l l l ess  t ha n  that requ i red i n  order to postu l a te deta i l ed chem ica l  mec h
an i sms of enzyme acti on or to determi ne the nature of the i nteratomic  poten ti a l  
functi ons that d i c ta te the fo l d i ng of mac romo l ecu l es .  Unfortunatel y ,  for many 
protei n crys ta l s  the o bserva bl e  d i ffracti on da ta are of l imi ted reso l ut ion  
a nd wi l l  not al l ow determi na ti on of the  struc ture to better than an  accuracy 
of a bou t 0.25 • Neverthe l ess , i t  i s  c l early  des i rabl e to refi ne as exhau s 
ti vel y a s  poss i bl e  a few sel ec ted protei ns  tha t d i ffract wel l .  Al so , new 
method s of i ncrea s i ng the reso l uti on of the diffrac t i on patterns or extend i ng 
crysta l  l i fe i n  the x-ray beam wou l d  be most  wel come . 

Nuc l e ic  Ac i d s  

The rol es pl ayed by the n uc l ei c  ac id s i n  mol ec u l ar b io l ogy are ,  o f  
course ,  centra l , and the recent successes of R i c h ' s g roup at  M I T  and Kl ug • s  
a t  the Med i c a l  Research Counc i l  i n  Cambr i d ge , Eng l and i n  determi n i ng the 
three-d imens i ona l s truc ture of phenyl a l ani ne-tRNA have been wel l publ i c i zed 
(6) . I t  wi l l  be desi rabl e to sol ve add i t i onal such structures to i l l ustrate 
t he d i fferences between the d i fferent spec i es ,  and to confi rm the present 
res u l ts .  A cont i nu i ng probl em i n  thi s a rea has been the d i ffi cu l ty of ob
ta i n i ng s u i tabl e c rysta l s. 

One of the l arges t a nd most i mportant a reas i n  mo l ec u l a r  bi o l ogy i s  
that  of protei n-nuc l ei c  ac i d i nteract i on s ,  yet the structural  bas i s  of such 
i nteracti ons , some of wh ic h a re h i ghl y spec i fi c ,  i s  not known . Efforts 
to o bta i n l arge crys ta l s of , for exampl e, the spec i fi c  compl ex between a tRNA 
and i ts act i vati ng enzyme , or a repressor mo l ecu l e a nd i ts DNA substrate , 
have been made but have no t yet been successfu l . Al so , methods of determi n i ng 
the deta i l ed  s truc ture of a DNA-hi stone compl ex remai n to be devel oped . 

The i nterac ti on between DNA and certa i n  sma l l -mol ecu l e  dyes tha t 
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i nterca l a te between the ba se s ha s been effec ti vely stud i ed by Sobel l ,  who 
ha s been success ful i n  o bta i n i ng crysta l s of , for exampl e ,  the compl ex between 
the a nti b iot ic  ac ti nomYc i n  D a nd deoxyguanos i ne (7). These rel a ti vel y s i mp l e 
comp l exes a ppear to be good mode l s for more compl i ca ted protei n-nuc l ei c  
i nteracti ons . 

I t  i s  c l ear  t hat  the compl ete three-d i mens i ona l  struc ture of the r i bo 
some wi l l  be requ i red before we understand , i n  deta i l ,  the process  of pro
tei n synt hes i s. Prog res s  i s  bei ng made toward l ocati ng the nuc l e i c  ac i d  
a nd the d i fferent protei n subun i ts by neutron d i ffract i on from sel ect i vel y 
deu tera ted suspens i ons. Yet , i n  sp i te of the fact that mi crocrystal l i ne 
a rrays of r i bosomes have been seen i n  el ec tron mic rographs of some cel l s , 
a ttempts to obta i n  l a rg e  crysta l s have been unsuccessfu l . 

Neutron d i ffrac ti on ha s a l so been successfu l l y  emp l oyed to l oca te 
hydrogen a toms i n  crys ta l s of myog l o bi n  and i s  bei ng i nc reas i ngl y appl i ed 
to parti a l l y  ordered l ayer-type struc tures , for exampl e ,  reti nas a nd l i p i d  
b i l ayers . 

V i ruses 

The s tudy of crys ta l l i ne v i ruses ha s no t been a major area of macro
mo l ecu l a r c rysta l l ographY part ly  beca use of the s i ze and compl exi ty (mo l e
c u l ar  wei g ht i n  the mi l l i ons ) of even the s i mp l est v i ru ses and a l so because 
of the l i mi ted extent of  d i ffract i on patterns from most  v i rus crysta l s .  
Some v i rus  crys ta l s have been known , for a number of years , to g i ve hi gh
reso l uti on d i ffracti on pa tterns , but on l y  recentl y has  rea l progres s been 
made i n  overcomi ng the enormous techn i ca l  probl ems of data col l ec ti on a nd 
heavy-atom subs ti tut i on. 

Low-reso l ution e l ectron-densi ty maps have a l ready been obta i ned , and 
rec ent resu l ts i nd ic ate tha t  i t  s houl d be onl y a matter of t ime before the 
s truc tu re of a v i rus  i s  determi ned at  atomi c reso l uti on . 

Parti a l ly Ordered Mac romol ecu l a r  Systems 

Al though  much a ttenti on ha s been focused on the g l obu l ar  prote i n s , 
many of the i mporta nt consti tuents of bi o l og ic a l  systems suc h  a s  DNA , membrane 
a nd cel l wa l l  component s ,  and the fi brous prote i ns are i ntri ns i ca l ly  unl i kel y 
to form s i ng l e  crysta l s. Neverthel ess , these mol ec ul es have i n  some i nstances 
been ind uced (or observed ) to form part i a l l y  ordered arrays from whi ch usefu l 
s truc tura l  i nformation  can be obta i ned . The pr ime exampl es a re ,  of course , 
the p i oneeri ng achi evements of Pau l i ng a nd Corey i n  determi n i ng the structure 
of a-hel i ces a nd  a-s heets i n  prote i n s  and of  Watson , Cr ic k ,  W i l k i ns , and Fra n k l i n  
i n  e l uc i dati ng the s tructure of DNA. 

The empha s i s duri ng the l a st  dec ade ha s been on crysta l l i ne rather than  
noncrysta l l i ne b i omo l ecu l es ; b ut  now that the s tructures of a number of  the 
sol ubl e g l obu l a r  prote i n s  are known , there i s  an  i ncrea s i ng awa reness of the 
need for i nforma tion  on  nonc rysta l l i ne protei ns , i n  parti cu l ar those  assoc i ated 
wi th membranes. It i s  not c l ea r  at th i s  t ime how best to tac kl e probl ems 
of th i s type .  One approach has been to study membranes wi th natura l ly ordered 
components , for examp l e ,  the purp l e membrane from ha l obac teri um ,  and some 
promi s i ng advances have been made by u s i ng a combi nati on  of x-ray d i ffract i on 
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and e l ectron mic roscopy .  
The conti nu i ng s tudy o f  the structure and the mechan i sm o f  contract i on 

i n  musc l e  prov ides an  el egant exampl e  of the power of el ec tron m i c roscopy 
when comb i ned w i th x -ray d i ffract i on .  When new powerful  sources o f  x-rays , 
s uch as  are becom i ng avail a bl e  wi th the use of sync hrotron rad i at ion , are 
combi ned wi th pos i ti on-sens i ti ve l i near detectors , i t  may become poss i bl e  
to observe the c hanges tha t a ccompany a s i ng l e twi tch  of a musc l e  fi ber .  

I nstrumentati on 

Equ i pment necessary to so l ve prote i n struc tures of moderate s i ze ( per
haps up to mol wt 200,000) i s  read i l y  avai l abl e .  Mos t  l aboratori es favor 
e i ther an automati c d i ffrac tometer ( computer contro l l ed  bei ng h i g h ly  d es i r
a bl e ) or a rota ti ng anode generator  with precess i on cameras pl us  an  automa t i c  
f i l m  measuri ng dev i ce .  These two methods have been used for mos t s tructu res 
sol ved to date and can be expec ted to be empl oyed for some t ime .  

There has recentl y  been cons i derabl e i nterest i n  the use o f  osc i l l at i on 
photographs for rap i d data co l l ect ion , and th i s  techn i que i s  a l ready bei ng 
routi ne ly  emp l oyed i n  severa l l a bora tori es . 

Another a pproach  that s hows g rea t promi se, and cou l d  revo l ut i oni ze 
da ta c ol l ecti on , i s  to measure many refl ecti ons s imu l taneous l y  by means  
of a computer- l i n ked a rea detec tor. I f  successfu l , suc h techn i ques cou l d  
reduce the t ime requ i red for the col l ect ion o f  a h i g h-reso l ut i on da ta set 
from months to hours , not on ly  d rama ti ca l l y  reduc i ng the ti me for protei n 
s truc ture determi nati on but a l so m i n i mi z i ng errors due to crysta l deter iora
t ion and i n  add i ti on permi tti ng ana lys i s  of comp l exes too short- l i ved to 
a l l ow conventi ona l data co l l ec ti on. One type of a rea detector , us i ng a 
f l uorescent screen , together wi th  an  i mage- i nten s i fer-a i ded detec tor ,  i s  
bei ng devel oped by Arndt i n  Cambr idge and Reyno l d s  a nd  others a t  Princeton. 
Another d etecto r ,  i ncorpora t i ng a mu l t i wi re proporti ona l counter , i s  be i ng 
devel oped by Xuong a t  La Jo l l a  a nd seems promi s i ng.  Shou l d suc h  data-co l l ec t i o n  
sc hemes b e  s uccessfu l l y  i mp l emented , i t  mi ght b e  des i rabl e to esta bl i sh severa l 
such i nstruments i n  reg i ona l centers to wh i ch protei n crys tal l ographers coul d 
bri ng the i r own crys ta l s for the rap i d  co l l ecti on of the bu l k  of thei r data . 
Suc h reg i onal  fac i l i ti es coul d not , of course , supersede i nd i v i dua l data
col l ect ion  capabi l i t i es for i nd i v i dual l aborator i es . 

Computi ng 

The necess i ty of 11good 11 computi ng fac i l i t i es for the suc cessfu l  pur
su i t of macromo l ecu l a r  crysta l l og raphy ca nnot be overemphas i zed .  11Good 11 
i n  thi s context need not imp ly  that the ava i l abl e computer be a powerfu l 
one . Ra ther ,  the mos t i mportant  requ i rements are that the computi ng fac i l i ty 
a va i l ab l e to the u ser be respons i ve to h i s need s and prov ide  a reasonabl e 
return i n  terms of the charges l ev i ed .  A number of users have, over the past  
sev.eral years , become d i sencha nted wi th thei r l oca l computi ng center and are 
seri ous l y  contemp l a ti ng the acqu i s i t i on of  an  i nd i v i dua l l aboratory compu ter 
as a preferabl e a l ternat i ve. I t  appears that  tec hno l ogy i s  suc h  tha t a su i tab l e 
i n-house computer m i ght  be had for an  i n i ti a l  i nvestment of about  $120, 000, 
whi c h  wou l d  be offset by a conti nued annual  sav i ng of $20 , 000 - 30 ,000 i n  
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current computi ng costs for an ac ti ve crysta l l og raphy researc h g roup . An 
a l terna ti ve method for sati s factory comput i ng i nvo l ves the use of a l arge 
remote computer accessed from a l oca l  termi na l . 

I nterac ti ve graph i cs systems , wh i c h  have a number of adva ntages for the 
d i spl ay a nd  man i pu l a tion  of compl ex struc tura l model s ,  are rapi d ly  decrea s i ng 
i n  price to the l evel that suc h a system coul d be i nc l uded a s  part of an  i n
house computi ng fac i l i ty for a rel at i vely sma l l i ncrease  i n  cos t .  

Conc l u s i ons  

1 .  Among the mos t  spec tacu l ar  ach i evements of x-ray d i ffrac ti on has been 
the determi nat ion  of the three-d i men s i onal  structures of bi o l og i c a l  macro
mo l ecu l es .  Suc h studies have revo l utioni zed the bi o l ogica l sc i ences . 
2 .  To understand b i o l og i ca l  proces ses , i t  i s  essenti a l  to know the struc -
tures of the parti c i pa ti ng enti ti es.  X -ray d i ffract ion  is  by far the most  
powerfu l method ava i l abl e for obta i n i ng suc h struc tura l  informati on .  A l arge 
body of high ly  rel evant  s tructura l  informat ion  has a l ready been acc umu l ated ,  
a nd new resu l ts a re bei ng obta i ned at  an  i ncrea s i ng l y  rapi d rate . At the 
same time , many i mportant  probl ems potenti a l ly  so l vabl e by x-ray techni ques 
remain to be tac kl ed ,  a nd a number  of inves ti ga tors are moving i n  to suc h 
new a nd c ha l l eng i ng areas.  
3 .  The  most  fru i tfu l  a na l yses of the  struc ture and functi on of bi o l og i ca l  
macromol ec u l es have combi ned x-ray diffract i on with a vari ety of chemica l 
a nd b i ophysic a l  techn i q ues.  Suc h mu l t i faceted approac hes are to be encour
aged . 
4 .  The bu l k  of the s tructura l informa tion  cu rrent ly  ava i l abl e perta i ns 
to the structures of i so l ated mo l ecu l es. At this l evel , x-ray d i ffrac t i on 
a l one has sufficed .  There i s ,  however , an  i ncreas i ng need for structura l  
i nformation  at  hig her l evel s of organ i zati on , e. g . , for membranes ,  cel l 
surfaces , r i bosomes, a nd protei n-nuc l e i c a c i d  compl exes , and at  th i s l evel 
there may be an i nc reas i ng need for a n  i nterpl ay between x-ray d i ffract ion , 
e l ectron mic roscopy ,  a nd ,  i n  some case s ,  neutron d i ffrac t i on .  
5 .  Important brea kt hroughs in a number of areas a re conti nua l ly being made 
a nd a re i ncrea s i ng the power of the x-ray techn i q ue a nd expand ing the range 
of bi o l og i ca l  probl ems to which it can be appl i ed .  The resu l ts of mac romol e
c u l a r  s tructure determi na ti on have a l ready had a maj or impact i n  the teach i ng 
and u nders tand i ng of b i omed i ca l  processes . Al though  the i nfl uence thus far 
has been i nd i rect ,  we are confident that i n  area s i nc l uding enzyme mod i fi ca
tion a nd drug des i gn major  b i omed i cal  a ppl ica ti ons wil l fol l ow. 
6. The number of pract i c i ng macromo l ecu l ar crysta l l ographers and of tra i nees 
i s  no t exces s ive ;  i n  terms of the potent i a l  of the fiel d ,  i n  fact ,  there 
i s  amp l e room i n  the f i e ld  for more personnel . On the other hand whil e there 
are at present postdoc tora l - l evel p�iti ons ua i l abl.e for· qua .l..i fi ed i nd i v i dua l s ,  
there a re rel a tivel y few permanent pos i ti ons . Duri ng the l ast  few yea rs a 
number of univers i ti es ha ve , for the fi rst t ime ,  hi red a mac romo l ecu l a r  crys 
ta l l ographer, a nd th i s tren d  can  be expected to cont i nue . Neverthel ess , the 
number of qua l if i ed personnel i s  rap i d l y  exceed i ng the number of perma nent 
pos i tions . 
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3 
Chem i ca l  Crysta l l ography 

I ntroducti on 

Chemi cal crysta l l ography , a s  d i scussed here , covers that a spect  of 
crysta l l ography that ha s pri mary impact i n  furtheri ng our knowled ge of 
chemica l  systems . However ,  the borders bet ween chemi ca l a nd other fi el d s  
of  crystal l ography are often not readi ly defi nabl e .  For examp l e , the devel op
ment of i nstrumentat ion  and the improvement of structure-so l v i ng techn i ques 
properly l i e wi th i n  the  rea l m  of d i ffra ct i on phys i c s  yet are of great concern 
to  the c hemi ca l crysta l l ograph er ;  a nd the recent t i l t  of chem i ca l  research  
towa rd b i ol og i ca l ly  rel evant sys tems ha s  sh i fted many crysta l l ograph i c  pro
j ects i n  that same d i rect i on .  Accord i ng l y ,  some of the top i cs d i s cussed i n  
th i s chapter a re a l so cons i dered el sewhere . 

The  contr i butions of  crysta l l ography to chemi s try have been a l mos t too 
n umerou s to menti o n .  Notwi thstand i ng the unquesti oned va l ue of IR,  UV , NMR , 
ESR , a nd ma ss  spectrometry , d i ffract ion a na lys i s  has  prov ided--and wi l l  con 
t i nue to provide--the a nswer to many structural pro bl ems . A successful  a na l 
ys i s  can y ie l d not on ly  th e  g ross  structure a nd connecti vi ty of a mol ecu l e 
or structu ra l  s pec i es,  but i n  favorabl e cases and with appropr i a te ca re i t  
can furn i sh extremel y acc urate va l ues for bond l engths a nd angl es ; deta i l s  
of conformation , mol ecu l ar pack i ng ,  and i n termol ecul ar i nteract i ons ; and , 
part i cu l ar ly  when a pp l i ed i n  conj unct ion wi th neutron  di ffract i on stud i es ,  
descr i pt ions of bond i ng e l ec tron dens i ty d i stri but i ons . Rather than dwe l l i ng 
on the pas t s uc cesses of x-ray d i ffract i on ,  such as the unravel i ng of the 
structu ra l  featu res of pept i des a nd of pur i ne  a nd pyrimi d i ne bases , wh i ch 
wa s the cornerstone of  modern mol ecu l ar bi o l ogy ; the devel opment of rap i d  
struc ture-so l v i ng capab i l i ty ,  wh i ch opened u p  the f i e l d s  o f  orga nometa l l i c 
a nd coord i nati on c hem i stry ;  the es tabl i shment of the topochemi ca l concept and 
of  semi qua nti tat i ve sol i d - state photochemi stry ;  the meas urement of acc urate 
C-C bond l engths a nd ang l es , wh i ch prov i ded the cruc i a l  experimenta l ev idence 
for theor i es of a romati ci ty i n  var i ous  4n and {4n + 2 ) n-el ectron syst ems ; 
a nd many others,  we sha l l  focus  on those areas wh ere d i ffract i on techn i ques 
can be  expected to prov i de va l uab l e i ns i ght i n to future deve l opments of chem
i ca l  i n terest .  

Of the var i ous d i ffracti on tech n i ques tha t wi l l  b e  d i scussed , o f  primary 
i mportance to c hemi ca l  crysta l l ographers i s  s i ng l e-crysta l  x-ray ana l ys i s ,  
wh i ch l ead s most  read i ly  to a thorough a nd unambi guous understand i ng of the 
geometry of a chemi ca l  spec i es .  The fi el d of neutron d i ffract ion , which can 
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be more u sefu l for many sys tems but i s  presently not so read i l y  access i bl e 
as  x-ray di ffrac tion , wi l l  a l so be exam ined .  Powder d i ffract i o n  ha s served 
pri nc i pal l y  as a too l for rout i ne chemi ca l ana l ys i s  and i dent i fi cat i on but 
shou l d be con s i dered for re-eva l ua t i on as a pos s i bl e too l for more comp l ex 
structure a na l ys i s .  F i na l l y ,  not i ng that  crysta l l ography i n  i t s  broader con
text encompa s ses such a rea s of structura l research  a s  ga s-phase e l ectron  d i f
fracti on , we wi l l  a l so discus s  some present a nd future app l i cati ons of th i s 
f i el d .  

A feature tha t  s ets a crysta l s tructure a na l ys i s apart from mos t  other 
techn i q ues of structura l chemi stry i s  that , u nder optimum cond i t ions , a nd 
carri ed out  with  due care , i t  can prov i de answers tha t a re unambi g uous ly  cor
rec t .  The ana l ys i s  i s  h i gh l y  overdetermi ned , s i nce the number o f  d i ffra ct i on 
data a va i l ab l e i s  perhaps 50-150 t i mes l arger than the number of atoms i n  
t he s tructura l  un i t . Moreover , automated d i ffractometers have removed the 
human error a nd drudgery from the process  of co l l ect i ng and  transcri b i ng i n
ten s i ty data ; modern d i g i ta l  computers have furni shed the capabi l i ty of pur
s ui ng to convergence the refi nement of the st ructura l parameters ; and the 
devel opment of d i rect methods of pha s i ng ,  now avai l a b l e as  prepackaged 11Struc
ture so l v i ng routi nes " for a utomat i c  computer usage , has as s ured the correct 
determi nat i on of atom connecti vi ty for the majori ty of moderate-sized mol ecul es  
when good s i n g l e  crys tal  data are ava i l a bl e . Accord i ng l y, the concept has 
grown a nd i s  wi dely hel d tha t  c hemi ca l crysta l l ography i s  now mere ly  a rout i ne 
techn i que ,  of great u se to the chemi st but hardly  worthy of support i n  i ts 
own r i ght .  

Th i s  v i ew i s  m i sconcei ved . Cond i t ions  are  often not op timum. In many 
cases the a va i l abl e c rysta l s are poor : they may be extremely smal l or twi nned 
or poor l y  sha ped or  h i gh ly  i mperfect ; they may decompose wi th t i me or wi th 
exposure to x-rad i at i on. Port i ons of the s tructure may be d i sordered , or 
there may be an i ntractabl e number of mol ecu l e s  per asymmetri c  un i t . In many 
cases , pa rti cu l ar ly  where l arge , ch i ra l mol ecu l es are i nvo l ved ,  rout i ne a pp l i 
ca ti on of d i rect method s fa i l s .  Refi nement may be unsati sfactory due to hyper
symmetry or to systemati c errors i n  the  data measurements . Whil e  i n  many 
i nstances these d i ffi cu l ti es wi l l  not prevent the ana l ys i s  from yi e ld i ng an  
adequate p i c tu re of the g ross mol ecu l ar struct ure and atom connecti v i ty ,  they 
wi l l  a l most a l ways demand a l arge amoun t of effort from a wel l -tra i ned and 
experi enced crysta l l ographer i f  the fi ner deta i l s  of mol ecu l ar  geometry are 
to be unrave l ed .  

Chemi ca l crys ta l l ography can conven i ently  be d i vi ded i nto two categor i es ,  
wh i ch can be des i gnated "ana l yt i ca l  crysta l l og raphy" a nd " structura l  crysta l l o
graphy . " An a l yt i ca l  crysta l l ography i s  pri mar i ly  a too l  for determi n i ng , 
rap i d ly  a nd concl u s i ve ly , the gross struc ture of a mo l ecul e and pa rti c u l ar ly  
i ts a tom connecti v i ty ;  structura l  crysta l l og raphy i s  concerned more wi th the 
deta i l s  of mo l ecu l a r  geometry and rel a t i n g  t hem to theori es of c hem i ca l  bond
i ng a nd e l ectron d i s tr i but i o n .  For ana l yt i ca l  resu l ts ,  i t  i s  usua l ly suffi c i ent 
to col l ect  a l i mi ted set of i ntens i ty data and to carry refi nement on ly  to 
t he s tage where the genera l correctness of  the structure i s  ass ured ; for struc
tura l purposes , i ntens i ty data shoul d be a s  extens i ve and of as  h i g h a qua l i ty 
as  pos s i bl e ,  and refi nement must be purs ued exhaust i ve ly .  An a na l yt i ca l  ana lys i s  
may ta ke no more tha n  a few days; a structural ana lys i s ,  severa l months or 
more. 
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T he d i vi s i on of crysta l l ography i nto these two ca tegori es probabl y l i es 
a t  t he root of whatever mi sunders tandings have arisen between chemica l  crysta l 
l ographers a nd other members of the chemi stry community . On the one hand , 
the synthetic chemi st  may see crys ta l l ography as  a simp l e  ana lytica l too l 
and v i ew i ts major obj ective as  that  of provi ding  structure ana l ysis on a 
routine ba s i s ;  on  the other hand , the crysta l l ographer has to be concerned 
wi th the compl ex ana lytica l techn i q ues  and i nstrumen tation , as  wel l as the 
broader chemica l  a nd structu ra l a s pec ts . A simil a r  dil emma sometimes exists 
wi th i n  the fund i ng agencies : shou l d support be g ranted for the use  of crysta l 
l ography a s  an  a na l yti ca l too l to be used on ly i n  conj unction  wi th other chem
i ca l  s tud i es ,  or shoul d i t  be supported as  a ba sic techn i que for furthering 
our  k nowl edge of structural chemis try? We recommend tha t  both  aspects of chem
i ca l  crysta l l ography , the structura l  and the anal ytic al , shou l d  be supported . 

Present Sta tus  of Chemica l C rys ta l l ography 

I n  order to a l l ow c hemical crysta l l ographers througho ut the country 
an opportun i ty to have i nput to th i s  report , a quest ionna i re wa s ma i l ed to 
about  200 i nd i v i dua l s ,  whom we cou l d identify as chemi ca l crystal l ographers . 
About 100 responses to th i s questi onnaire were recei ved . A copy of the ques
t i onna i re and a brie f  and somewhat  i nforma l summary of some of the responses 
are g i ven  in Append i x  B .  

A s i gn i ficant resu l t  emerg i ng from the survey returns wa s  that mos t 
of the peop le  who were i dent i fied as  chemi cal crysta l l ographers cons i dered 
themsel ves  as prob l em-ori ented structura l chemists or bi o l ogists ; whil e i n  
many i ns tances they u sed the techn i que o f  x-ray structure ana lysis as  their 
maj or research too l , few considered themse l ves a s  11Service crysta l l ographers . .  
wi th primary interes t in so l ving wha tever crys ta l -structure probl ems they 
were g i ven and wi th on l y  a mi nor i nteres t in the imp l i ed chemi ca l or bi o l og i 
ca l probl em .  The main areas o f  present activ i ty i n  chemica l crysta l l ogra phic 
research are s tructure determination , stud i es of bonding el ectron dens ity , 
and studi es of a tom i c and mo l ecu l a r  interact ions . These areas  are outl i ned 
bel ow. 

{ a )  Structure De te rmination: The stage of deve l opment in struc ture 
determina tion has been reached where , g i ven a crysta l l a rge enough  and of 
good enough q ua l i ty to afford an adequate set of i ntensity data , the connec
t i vi ty of a toms i n  t he great maj ority of crysta l s  can be determi ned quite 
rap i d l y--perhap s  wi th i n one or two weeks , if d i ffrac tometer and computer time 
are read i ly  a va i l ab l e .  In  pa rticul a r  most i norganic and coordination compounds 
--whi ch u sua l l y have a bu i l t- i n  hea vy atom to he l p  i n  t he ana lys i s --and most 
centrosymmetr i c  orga nic compounds have crysta l  stru ctures tha t can be so l ved 
by standard methods .  However , many of the i nteresti ng h i gh-mo l ecu l a r-weig ht 
organ i c compounds  have structures that are extremely difficu l t to so l ve ,  par
t i cu l ar ly  those wi thout centers of symmetry .  Sol u tions  o f  the struc tures 
of  the a cti nomyci n-deoxyguanosin e  compl ex and of the doub l e- hel ica l A-U dinu
c l eot ide ·  struc tures provi de exampl es of  the d i ffi cul t i es tha t can be  presented 
a nd of the experti se and persis tence that are nece ssary to overcome these 
d i ffi cu l t i es .  

There a re other compl i cati ons i n  prese nt-day struc tura l ana lysis tha t 
are pecu l i a r  to the n ature of the crys tal l i ne  state . T hese incl ude twinning 
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of the crysta l s ,  i ns tabi l i ty of the crysta l s due to t hermal or rad ia tion  ef
fects , d i sorder of the mol ecu l ar arrangement i n  the crystal , the presence 
of two or more mol ecu l ar un i ts wi th i n the u n i t of structure , and probl ems 
assoc i a ted with  pseudosymmetry , whi ch in many cases l eaves the cho i ce of s pace 
group a major prob l em i n  i ts own ri ght .  In  many of these types of probl ems 
the mos t  important step  toward the i r so l u ti on may be the recogn i t i on of thei r 
ex i stence . An i nexperi enced crysta l l ographer may be unaware of the di ffi cu l 
t i es and conseq uentl y  reach i ncorrect conc l us i ons . 

( b ) Studies of E'Lectron Density Distributions and Chemica'L Bonding: 
El ectron dens i ty stud i e s  a re most effect i vely carri ed ou t by a combi ned st udy 
i nvo l v i ng both x -ray a nd neutron d i ffra cti on , the neutron  di ffra ct i on resu l ts 
prov i d i ng i nforma t i on concern i ng the l oca t ions  of the atomi c nuc l ei and the 
x-ray res u l ts concentrating  on the di str i but i on of  va l ence e l ectrons . Such 
stud i es have provi ded qua l i tat i ve resu l ts of grea t i nterest i n  a l arge number 
of areas . For exampl e ,  the e l ectron dens i ty i n  a l i phati c three-membered ri ngs 
i s  compati bl e  wi th a bent-bond descri pt ion ; hydrogen bonds appear to be essen
ti a l ly e l ectrostat i c i n  nature ; a nd the e l ect ron dens i ty i n  an  a cetyl ene g roup
i ng i s  s i gn i fi cantl y perturbed when i t  i s  coord i nated to a meta l atom . However , 
progress  i n  obta i n i ng quanti tat i ve resu l ts i s  l imi ted by experimenta l accuracy , 
and there i s  a need to devel op  improved methods of da ta co l l ect i on and pro
cess i ng .  Thi s f i el d a l so p l aces greater t ime demands on x-ray and neut ron 
d i ffractometers than doe s  the standard structure-determi nati on procedure , 
because i t  i s  necessary to co l l ect a l arge amount of  data of  the very hi g hest  
qua l i ty .  

( c ) Atomic and Mo'Lecu'Lar Interactions : T he resu l ts of a careful crysta l 
structure a na l ys i s  ca n provi de a wea l th of  i nforma t ion  concern i ng i nteratomi c 
and i ntermol ecu l ar i ntera ct i ons . Hi g h-prec i s i on analys i s  i s  capabl e i n  many 
cases of  prov i di ng i ntera tomi c d i stances to an  accuracy of 0 .003 A or better ; 
wi th spec i a l  care and the use  of  l ow-temperature techni que s , accurac i es of  
a bou t  0 .001 A are obta i nabl e. These accurac ies  permi t val uabl e co nc l us ions  
to  be  drawn concerni ng , for examp l e ,  enhanced reacti vi t ies of the 11 l ong 1 1 
C-C bonds i n  overcrowded mol ecu l es a nd var i at i ons i n  s i ng l e- bond l engths caused 
by l one pa i r  i nteracti ons . T here are i nd i cati ons of s i gni fi cant d i fferences 
i n  bond l engths between the so l i d  state and the ga seous sta te , parti cul ar ly  
wh en s trong hydrogen bondi ng  i s  i nvo l ved .  Carefu l experimenta l  work a l so 
permi ts t he a s s i gnment of the a bsol ute confi gura t i on of a mol ecul e based 
on the a noma l ous  scatteri ng from atoms no  heavi er than  oxygen or n i trog en .  

Many i nterest i ng a s pects o f  mol ecu l ar i nteracti ons have been and are 
be i ng stud i ed ,  such as  hydrogen bond i ng ;  stack i ng  i n  nucl e i c  ac i d component s 
a nd i n  charge-transfer  sys tems ; c l a thrate and zeo l i te systems ; i nteractions  
i nvol v i ng s u l fur and hal ogen atoms ; react i on pa thways , a s  sugges ted by short 
nonbonded contacts ; and the ways i n  wh i c h  mol ecul ar arrangements i n  t he crystal  
can i nfl uence t he na ture and d i rect i on of so l i d- state reacti ons . Of part i c
u l a r  importance has been the improvement i n  the  ab i l i ty to l oca te hydrogen 
atoms wi th re l at i ve ly  h i g h  prec i s i on ,  by e i ther neutron  or x-ray d i ffracti on 
studi es-- hydrogen atoms l i e on the peri phery of many mol ecu l es and hence a re 
of domi nant importance i n  determi n i ng i ntermo l ecul a r  geometry . T he day seems 
to be approach i ng when t he crysta l  structure of  a mol ecu l e  of known conforma
ti on can be pred i cted from empi ri ca l  i ntera tomi c potenti a l  functi ons , g i ven 
only the un it -cel l d imens i ons and space group . However , i t  i s  usua l ly impos -
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s i bl e  to pred i ct conformati ons  for comp l i ca ted mo l ecul es , and much more needs 
to be known as to why molecul es crystal l i ze t he way they do . 

I n  the f ie l d o f  e l ectron d i ffract ion  by gases , recent improvements i n  
data recordi ng and process i ng  have extended both the range of appl i cati on 
and t he rel i ab i l i ty of the resul ts . Stud ie s  of the l imi tati ons of  the Born 
approx i ma tion  have l ed to i mproved a tom i c  scatteri ng factors for el a st i c  
scatteri ng ,  and improvements have a l so been made i n  eva l uat i ng  i nel ast i c  scat
t eri ng . T he deta i l s  of  i nterna l moti on have been the s ubj ect of cons i derabl e 
theoreti ca l i nvesti ga t ion . As a consequence of these deve l opments , the accu
ra cy , deta i l ,  and fac i l i ty wi th wh i ch mol ecul ar  structure can be determi ned 
have been cont i nuous ly  i mproved . Trends i n  bond i ng as a func tion of c hemi ca l 
envi ronment have been determi ned wi th suffi cent rel i ab i l i ty to stimu l a te quan
tum chemi ca l  stud i es .  Pa rti c u l a r ly accurate res u l t s  have been obta i ned from 
comb i n i ng the resu l ts from el ectron d i ffracti on wi th those  from spectroscopy ,  
a n  acti v i ty of  i ncreas i ng i nterest . Other devel opi ng areas of i nterest are 
t he reac ti on mecha ni sms at h i g h  tempera tures a nd the thermodynami c properti es 
of mol ec u l es associ ated wi th conformationa l  changes . 

Whi l e  no comprehensi ve stud i es of the sta tus of crysta l l og raph i c  compu
t i ng or of ed uca ti on i n  chemi cal crysta l l ography were undertaken at thi s 
t i me ,  a cons i derabl e amount of i nformati on was obta i ned on both su bj ects . 
I n  parti c u l a r ,  a bri ef questi onna i re on educat i on wa s  sent  to 38 g radua te 
schoo l s  i n  chemi stry.  Some of the data obta i ned rel a ti ng to the present 
s ta tu s  of  these  subjects and some t entati ve conc l us i ons are i nc l uded i n  Append i x  
C and D .  

Fut ure D i rect i ons  

( a )  Structure Determination: Whi l e  grea t stri des  ha ve been made i n  
the  techn i ques o f  structure sol uti on , ma ny formi dabl e a nd chal l eng i ng probl ems 
st i l l  rema i n . Many of the most i nteres ti ng questi ons of mo l ecul ar  structure 
i nvo l ve comp l ex , noncentrosymmetri c crysta l s or crys ta l s  that g i ve a l i mi ted 
d i ffract i on pattern ; further progress i n  handl i ng these types of sys tems 
i s  a nti ci pated . There i s  a great need to deve l op improved di ffractometers 
wi th better x-ray sources a nd better detecti on sys tems , whi ch cou l d l ead 
to improved and ex tended data sets for marg i na l  c rysta l s .  Re search i nto 
structure so l ut i on by powder d i ffraction  shou l d be encouraged , i n  order t o  
bri ng mol ec u l es tha t d o  not form l arge s i ng l e  crysta l s  wi thi n the scope o f  
the struc tura l chemi st.  T he recent ava i l ab i l i ty o f  synchro tron fac i l i ti e s ,  
wi th thei r pos s i b i l i ti es for prov i d i ng h i gh- i ntens i ty rad i a ti o n  o f  var i abl e 
wave l ength ,  are j ust  beg i nn i ng to be exp l oi ted ; i t  i s  c l ear  tha t there are 
exc i t i ng new prospects a ssoci ated wi th the use of  anoma l ous  di spers i on for 
s tructure determi nati on. Better un dersta nd i ng of therma l motion , a nd of the 
ways to t rea t i t ,  wi l l  a l l ow more mean i ngful resu l ts to be obta i ned from struc
t ura l  ana lysi s ,  as  wi l l the deve l opment of more appropri ate e l ectron den s i ty 
functi ons to be bui l t  i nto the struct ura l model . More wi despread use of  l ow
temperature equ i pment wi l l  extend the usefu l ness of crys ta l l og raphy i n  systems 
that are unstab l e  a t  room temperature or show d i sorder  or l arge thermal mot i ons . 
I n crea sed i mpact of  neutron d i ffracti on studi es wi l l  provi de further i ns i ght  
i nto probl ems i nvo l v i ng hi g h ly  accurate determi nat i on of  the  pos i t i ons of  
hydrogen n uc l e i , as sessment of  thermal mot i on ,  a nd the d i fferent iat i on 

1 6 

Copyright © National Academy of Sciences. All rights reserved.

Status and Future Potential of Crystallography:  Report of a Conference
http://www.nap.edu/catalog.php?record_id=20315

http://www.nap.edu/catalog.php?record_id=20315


between atoms wi th s i mi l ar sca tteri ng powers for x-rays but d i fferi ng scatter
i ng c ross  secti ons for neutrons . I n  summary , the techn i ques for struct ure 
determi nati on a nd the techno l ogy of data co l l ecti on  offe r  broad and reward i ng 
areas for future research . 

{ b ) Studies of EZea�on �nsity Distributions: I n  order that  t h i s f i e l d  
may y i e l d  quant i ta ti ve resu l ts that c a n  be corre l a ted wi th other phys i ca l  
measurements a nd wi th theoreti ca l treatments , further devel opments i n  t he 
techno l ogy of obta i n i ng a ccurate da ta measurements are needed . En ergy d i s
pers i ve counters , synchrotron radi at i on , and , conce i va bl y, x-ray l a sers may 
ha ve i mpact ;  i mprovements in  l ow-temperat ure neutron d i ffracti on techni ques 
woul d al so be extremely hel pfu l . The equi pment requ i rements i n  th i s fi el d 
are much grea ter than i n  other f i el ds of  chemi ca l crysta l l og raphy .  There 
are good prospects for deve lop i ng th i s  fi e l d i nto a genera l and deta i l ed test 
for mo l ecu l ar a nd sol i d- sta te ca l cu l ati ons and for i ts appl i cat i on to systems 
tha t  now l i e  beyond the scope of the ca l cu l a ti ons . I n teracti ons between crys
ta l l og raphers and theoret i ca l  chemi s ts are essent ia l  to exp l oi t  t hese potenti a l s .  
Another re l at i ve l y  unexpl ored fi e l d of chemi cal rel evance i nvo l ves the ca l cu
l at i on of  deri ved func ti ons from the experi menta l e l ectron dens i t i es .  Examp l e s  
i nc l ude mol ecu l a r  and i on i c  charges , d i pol e and quadrupo l e moments , a n d  el ectro
s ta ti c  potent ia l s that are of importance for an underst�nd i ng of chemi ca l 
reacti v i ty .  

{ c )  Atomia and Mo ZeauLar Inte�ations : I t  i s  ant i c i pa ted tha t the major 
i mpact of  chemi ca l crysta l l ography wi l l  cont i nue to focus  on mol ecu l ar an d 
crysta l  s tructure . Chemi ca l  crysta l l ography wi l l  contri but e  greatly  to the 
determi nati on of the accura te geometry of mo l ecu l es and th us prov i de a better 
unders ta nd i ng of the bas i c  l aws t hat  d i ctate the i r  geometry ;  i t  wi l l  a l so 
prov i de a u n i q ue opportun i ty to study the ways i n  wh i ch mo l ecu l es i nteract ;  
ei ther wi th themsel ves o r  wi th other mo l ecu l es wi th wh i c h  they can be i nduced 
to crysta l l i ze.  I ndeed , the prospects are for a great l y  i ncreased use  of 
chemi ca l  crysta l l ography i n  these senses , because of an i ncreas ed awarenes s 
on t he part of other c hemi sts as  to the powe r and re l evance of x-ray d i ffrac
tion stud i es .  Crysta l l ography wi l l  conti nue to grow as a routi ne ana lyt i ca l  
too l , capab l e of  answeri ng quest i ons o f  atom connect i vi ty qu i c kly and unambi g 
uous ly ;  but i t  wi l l  a l so grow  as  a techn i que for prov i d i ng the fi ner deta i l s 
of i n tramol ecu l a r  and i ntermolecu l ar geometry that are necessary for under
standi ng c hemi ca l  reacti v i ty and bondi ng pri nci p l es .  

Some speci fi c areas of  chem i ca l  research where x-ray methods may be ex
pected to have major impact i n c l ude : 

1 .  Stud i e s  of  the conforma ti ons of  ri ng systems , where some of the 
more s ub tl e aspects of  chemi ca l bond i ng have grea t i nf l uence on the mol ecu lar 
confo rmati on ; 

2 .  St ud i es of  bond l engths and angl es and the extent o f  p l ana ri ty i n  
va ri ous aroma ti c sys tems , i nc l ud i ng those contai ni ng n i trogen and su l fur ; 

3 .  S tud i e s  of i nd i v i dual mo l ecul es wi th parti cu l ar ly  i nterest i ng struc
tura l properti e s ,  s uch as  hel i cenes , ca tananes , and cyc l ophanes ; 

4 .  Stud i es o f  the geometry of overcrowded mo l ecul es and of the i nfl u
ence  of steri c d i stortions  on thei r phys i ca l  a nd chemi ca l  properti es ; 

5 .  Stud i es of  c harge-trans fer compl exes and o f  organi c semi conductors ; 
6 .  Stud i es o f  un usual bond i ng capab i l i t i es assoc i a ted wi th e l ectron

defi c i ent e l ements and wi th ha l oge ns and chal cogens ; 
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7 .  Stud i es of  coord i nat ion  of  va r ious funct i ona l  groups to me ta l  atoms 
and correl a ti on of s tructura l data wi th other properti es ; 

8 .  Studi es on ra re-gas compounds  and meta l c l usters ; 
9 .  Stud i es on t he structura l deta i l s  of var i o us po lymers , both na tural  

and synthet ic ; 
1 0 .  Stu d i e s  on model compoun ds re l a ted to e nzymes ; 
11. Stud i es on so l i d- sta te react i ons ; 
1 2 .  Studi es of  i ntenmo l ecu l ar i nteracti ons i n  t he so l i d  sta te and of 

the ro l e  of the hydrogen a tom i n  these i nterac tions ; 
13 . Stud i es of  crysta l l i ne so l vates , cl athra tes , channe l comp l exe s , 

and zeol i tes ; 
1 4 . Stud i es of  sol i d  so l uti ons and p l a st i c  crys ta l s ;  
15 . Studi es on crysta l growth and habi t ;  
16 . Stud ies  on d i sorder i n  the  so l i d  state and o n  c rysta l decompos i t i on ;  
17. Stud i es on  the structura l aspects of pha se trans i t i ons ; 
1 8. St ud i es on i ntermeta l l i c  compounds , focused on the many unanswered 

questi ons of the bond i ng  properti es of meta l atoms . 

{d) EZeatron Diffraction by Gases : I t  i s  anti c i pated tha t there wi l l  
be conti nued devel opment of  me thods for obta i n i ng and process i ng e l e ctron  
di ffrac t ion  da ta ,  a nd hence there wi l l  be advances both in  t he compl ex i ty 
of mol ecu l e s  that can be exami ned and i n  t he accuracy of the deri ved mol ecu l ar 
parameters . T here shou ld  a l so be an i ncreased contri but i on from el ect ron 
d i ffrac ti on stud i es a s  a method for studyi ng the deta i l s  of chemi ca l  bondi ng 
as a function  of chemi ca l  envi ronment.  Stud i es of  v i brat i ona l  modes shou l d  
rece i ve i ncreased a ttent i on ,  a nd g rea ter  empha s i s s hou l d be p l a ced on the 
comb i n i ng of e l ec tron d i ffract ion stud ies  wi t h  spectroscop i c  measurements . 
Work shou l d  a l so be encouraged on the many novel compounds  that can  be con
ven i ent ly  studi ed on ly  i n  the gas phase . 

Recommendat i ons for Support of Chemi ca l C rysta l l ography 

I n  v i ew of the power of  crysta l l ography to prov i de answers to so many 
key quest i ons  i n  c hemi stry and of i ts potent i a l  for future deve l opment , we 
recommend t hat  i t  recei ve strong support i n  the years ahead - - both i n  the 
deve l opment of further methodo l ogy and i ns trumentation  and i n  i ts appl i cat i on 
to chemi cal probl ems . 

{a) Support for DeveLopment in Methodo Logy and Instrumentation: An 
i nord i na te amount of  the recent deve lopment of the sci ence and technol ogy 
of crysta l l og raphy has come out of nonacademi c i nst i tut i ons  such as  the fed
era l ly supported l aboratori es . Conti nued support of deve l opmenta l research 
at s uch i n st i tutions  i s  v i ta l .  However , there has been l i ttl e support for 
thi s type of research i n  the academi c commun i ty ;  here , the empha s i s has sh i fted 
toward t he app l i cat ion  of crys ta l l ography as an a na l yti ca l  tool . We see dan
gers i n  t h i s  u neven d i s tri buti on . F i rs t ,  the narrow base of effort i n  deve l op
menta l a spects of chemi ca l crys ta l l ography may wel l l ead to stagnati on ,  wi th 
the resul t t hat t he too l s and methodo l ogy that are st i l l needed to answer 
many importa nt chemi ca l quest i ons  wi l l  not be forthcomi ng.  Equa l l y important , 
we are a l ready seei ng a t endency to tra i n  crys ta l l ographers wi t h  l es s  than 
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adequate knowl edge of the fundamenta l  concepts and techn i ques tha t  are neces
sary i f  the f ie l d  i s  to rema i n  v i ta l . We bel i eve that su pport for the funda
menta l a spects of  crysta l l ography--tec hn i ques of  data col l ect i on a nd structure 
sol v i n g ,  deve l opment of i n strumentat ion , stud i es of sca tter i ng theor i es a nd 
mode l s  for thermal mot i on ,  ref i nement of  struc tura l parameters -- s hou l d  be 
i ncreased ; and that  encouragement s hou l d be prov i ded to those i n  the academi c 
commun i ty who are concerned wi th pas s i ng a broad knowl edge of c rysta l l ography 
on to the next generat ion of  c hemi sts . These matters are d i scussed further 
i n  Sect i on 4 of  thi s report { D i ffraction  Physi cs ) . 

{ b )  Suppozot fozo Studies in Strructuzoa l Chemistzoy : Support for work on 
probl ems of structura l chemi stry seems a l so to have suffered from the sh i ft 
of emphas i s  towa rd ana l yt ica l crysta l l ography .  I ndeed , there seem to  be 
fund i ng d i ffi cu l t i es for those i nterested i n  the fundamenta l a spects of struc
tura l c hemi stry- -the deta i l s  of mo l ecu l ar  structure and i n termol ecu l ar i n ter
actions  that can be brought out on ly  by carefu l co l l ect i on a nd i nterpretat ion  
of  d i ffracti on data . Suc h i nd i v i dual s ,  wi th a cohes i ve project a imed at ca st
i ng a l i g ht on c hemi ca l  probl ems of s i gn i fi cance , wi l l  proba bly  u se x- ray or 
el ectron d i ffracti on as the i r  ma i n  research techn i que ; they may work in col 
l abora t i on wi th a synthet i c  or theoret ica l  c hemi st . By be i ng wel l tra i ned 
in d i ffract i on concepts and by keep i ng a breast i n  devel opments i n  the f i e l d ,  
they wi l l  be a bl e  to prov i de he l p  to co l l eagues  i nterested i n  the resu l ts  of 
ana l yt i c a l  crysta l l ography,  and wi l l  a l so have an i mportant i nfl uence i n  the 
tra i n i ng of future chemi sts . Grant i ng agenc ies  shou l d ta ke i n to con s i derati on 
that such stud i es a re t ime consum i ng and resu l t  i n  a rel at i ve ly  l ow rate of 
pu bl i cati on . We urge that su pport be made ava i l abl e to th i s  area of struc
tura l Chem i stry .  

{ c ) Suppozot fozo Ana lytica l  Czoysta l lography : Conti nued support shoul d 
a l so be made ava i l abl e to c hemi sts who use crysta l l og raphy for ra pi d chemi ca l  
ana l ys i s  i n  research programs of broader scope. T hese chemi s ts are l es s  i n
vo l ved i n  the bas i c  concepts of d i ffract i on and therefore are l ess  l i ke ly  
to  contri bute s i gn i fi cant ly  to advances in  the sci ence or to the tra i n i ng 
or the educa t i on of  others . I f  thei r rese arch program i s  l a rge enough , they 
may need to be prov i ded with fu l l  d i ffrac t ion  faci l i t i es ;  chemi st s  wi th sma l l er 
programs may prefer to use a commerc i a l  structure-so l v i ng serv i ce .  The respon
dents to our quest i onnai re showed v i rtua l ly  no oppos i t ion  to the concept of 
s uch  commerc i a l  serv i ces ; i ndeed , many were of the op i n i on that such serv i ces 
wo u l d  tend to remove i nternal depa rtmental press ures and permi t t he structura l 
crystal l ographer to devote more t ime to hi s own resea rch i nterests . (The 
only reserva ti ons expres sed concern i n g  commerc i al serv i ces were that  the pro
cedures and  resu l t s  of an ana lys i s , i nc l ud i ng atomi c coord i nates , be publ i shed 
i n  the  normal way and that  some l eve l of qua l i ty contro l  be estab l i shed . ) 
The  quest i on of  the extent to wh i ch federa l agenc i es mi ght become i nvo l ved 
i n  the establ i shment and fun d i ng of  a structure-so l v i ng serv i ce on a n at i ona l 
or reg i onal  bas i s  was thought to be premature at th i s  stage. 

T here a re many a rea s of structura l c hemi stry and crys tal l og raphy tha t 
a re worthy of support and i t  i s  a matter of  concern tha t such support has 
not been centra l i zed , parti cu l arl y  wi th i n  NSF. In  a ss i gn i ng award pr iori t i e s ,  
we bel i eve that  the qua l i ty o f  the work sho u l d  al ways be the pr ime cons i dera
t i on .  T here may be g rea t danger i n  attempt i ng to defi ne pa rt icu l ar areas 
of  chemi ca l crystal l og raphy tha t are worthy of support a t  t he expense  of others . 
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Rather , there shou l d be a bal ance i n  the types of programs that a re supported , 
and th i s ba l ance wi l l  be ens ured i f  the key to support i s  imag i na t i v e ,  i mpor
tant , and hi g h-qua l i ty work .  
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4 
Di ffracti on P �s i cs 

Scope of D i ffraction  PhYs i cs 

Di ffracti on phys i cs i n  crysta l l ography i s  here ta ken to encompa ss  t hose 
acti v i t i es that dea l wit h  the devel opment and best use of d i ffract ion  theory 
for the  purpose  of  opt imi z i ng the i nforma ti on obta i nabl e from the scatteri ng 
ma teri al . T he i nformat i on sought concerns t he spati a l  l oca tion , mi gra t i on , 
and t hermal v i bra ti on of  a l l the e l ectron and nuc l ea r  scatteri ng  den si ty i n  
rea l , non i dea l i zed , ma teri al s .  Al l types o f  atomi c groupi ngs  i n  crysta l l i ne ,  
parti a l ly crysta l l i ne ,  and noncrysta l l i ne materi a l s  are i nc l uded . 

Scatteri ng of  x-rays , neutrons , and e l ectrons may be e l ast i c  or i ne l as
t i c  wh i l e  s imul taneous ly  be i n g  coherent or i ncoherent .  T he sca tteri ng may 
occ ur from ma teri al s rang i ng from s i ng l e  crysta l s to po lycrysta l l i ne ma sses , 
t hrough d i sordered crysta l s , to fi bers , and on to noncrys tal l i ne so l i ds and 
l i qu i ds .  The most wi de ly kno wn app l i cat i ons of  crysta l l ography are concerned 
wi th on ly  coherent s ca tteri ng from s i n g l e crys ta l s wh i ch approx i ma te be i ng 
i dea l ly  i mperfect. Hence , they fa l l  wi thi n a s i n g l e bl ock  i n  Tabl e 1 � (ma rked 
CC } ,  the one i n  wh i ch the a tom i c  arra ngement aspect of chemica l crysta l l ography 
i s  centered . Howe ver , the r i ch vari ety of st ud i es and the a reas tha t l ead 
the progress  i n  d i ffract i on phys i cs are i l l ustra ted throughout Tabl e 1 .  I n  
d i ffract i on phys i cs one i s  concerned wi th  improv i ng knowl edge o f  suc h areas 
a s :  

1 .  d i str i buti ons of e l ect ron ch arge , sp i n ,  and momentum dens i ty and 
of  nucl ear charge and sp i n; 

2. the s catter i ng process  [ anomal ous d i spers i on ,  dynami ca l  d i ffracti on , 
e l ast i c co herent scatter i ng (Bragg di ffracti on from crysta l s ) , e l ast i c  i n
coherent scatter i ng ( an i mportant  pa rt of the scatteri ng  from noncrysta l l i ne 
aggregates ) , i ne l ast i c  coherent sc atteri ng (e . g . , therma l d i ffuse  scatter i ng ) , 
and i nel ast i c  i ncoherent scatteri ng (e . g . , Compton sca tter i ng of x-rays from 
amorphou s materi a l s ,  f l uorescence , i nco herent scatteri ng of neu trons from 
l i q u i d s ) ; ]  

3 .  i nstrument  des i gn ( i nc l udi ng opti cs ) ; operat ion ; and correcti on 
factors affect ing  prec i s ion  and accuracy ; e . g . ,  i n strumenta l profi l es ,  s l i t  
effec ts , s tab i l i ty and reso l ut ion  functi ons ; 

4 .  specimen factors l i mi t i ng preci s i on and accuracy ;  e . g . , errors 
i n  correc ti ons for absorpti on , exti nct i on ,  si mu l t aneous d i ffract i on ,  doub l e  
Bragg scatteri ng , Compton scatteri ng , sca tteri ng cross sect i ons , mul t i p l e  
*See page 28 
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scatteri ng , i nner potenti al s ,  cryst al i nhomogene ity ,  texture and s tate of  
agg regati on , p l us other known and unknown factors ; 

5 .  methods for dea l i ng wi th overl apped and superi mposed d ata from 
several or i g i ns ,  e . g . ,  separation  of coherent scatter i ng from i ncoherent and 
background scatteri ng from l i q u i d and amorphous ma teri al s ;  unreso l ved powder 
patterns ; vari ous contri but i ons to di ffuse scatter i ng .  

Some of the stud i es i n  d i ffract i on phys i cs concern t herma l  and d i sorder 
d i ffuse  scatteri ng , sma l l -ang l e  scatteri ng , d i ffra ct i on topography , { i nc l ud
i ng i mag i ng i n  e l ectron m i croscopy } , dyn ami ca l  d i ffraction  effects , scatter
i ng by defects of vari ous k i nds , and sca tter i ng from amorphous so l i ds  a nd 
l i q u i ds .  

S i nce the theory and app l i cati ons of d i ffract i on phys i cs un dergi rd so 
many other stud i es ,  n umerous aspects especi al ly mer i t fu rther deve l opment.  
The bu l k  of  these aspects deal  wi th ei t her 1 } . dep artures of the scatteri ng 
obj ect from an i dea l l y  imperfect but sto i ch i omet ri c crysta l or 2 } .  t he pre
c i se determi nati on  of  s ubt l e  { but  important } det ai l s  such as actual t hermal 
mot i on s ,  crystal f i e l d  and  bond i n g  effects , and l ocati on  and i nteract i ons 
of mi nor substi tuents . As i l l ustrat i ons , we take fi ve examp l es for di scuss i on .  

Examp l es 

{ a} Assessment and Reduction of Residua l Discrepancies :  For the deter
m i n ation of  s u btl e de tai l s ,  the major ch al l enges i n  d i ffrac ti on phys i c s  are 
to reduce the res i dual d i screpancy between the c al cul ated d i ffracti on features 
of a mode l  and the exper imental mea surements and , at the same t i me ,  to deve l op 
better ways of  as ses s i ng the di screpancy and better i nd i cators of accuracy 
i n  the  detai l s  determi ned.  (Wh en R factors are l ow, on ly  2 or  3% , more sens i 
t i ve i nd i c ators  of improved fi t are needed for re l i ab l e determi nat ion  of  subtl e 
detai l s . }  T he normal probab i l i ty p l ot i n troduced by Abrahams and �ve { 1 }  
i s  a step toward better i ndi c ators ; more are needed. 

I n  the l ast 20 years , the "average"  res i dual d i screpancy on si n g l e
crysta l  x-ray wor k  has been greatly  reduced by i mproved i nst rumentat i on , 
by use  of  i mproved t he rmal parameters i n  some cases , by improvements i n  scat 
t eri ng factors i nc l udi ng anomal ous d i spers i on effects , by improved determi nati on 
of  absorpt i on coeff i c i ents and absorpt ion  correcti ons , by Zachar i ase n ' s { 2 } 
contri but i on of effect i ve exti ncti on correction  formu l as ,  by procedures  for 
hand l i ng s imu l taneous effects , and by better contro l and correct i on for back
ground . Yet many workers are now fi nd ing  that the res i dual  d i screpancy i n  
the i r l east- squares refi nements i s  st i l l s i gn i fi cant ly  l arger than c an be 
accounted for by the known sources of error. C l ear ly , i f  these observat ion s  
are correc t ,  there exi st s some as yet i mproperl y  accounted for source of error 
t h at must be adequate ly  deal t wi th i f  the i nformat i on-l aden subt l e  detai l s  
observab l e i n  pri nc i p l e  are t o  be ob served i n  fact.  

( b ) Sma "l"l Ang le Scattering: I n  the l a st few years , sma l l -ang l e  scatter
i ng ha s  become a pa rt i cu l ar ly  fru i tfu l and rap i d ly  deve l op i ng  f i e l d .  Th i s 
fo l l ows a per i od of many years , st art i ng soon after Gu i n i er ' s { 3 } effecti ve 
i ncept i on of the fi e l d i n  1 939 , duri ng  wh i ch on ly  a handful  of dedi cated per
sons around the worl d kept work go i ng i n  the theory and practi ce of smal l - an g l e 
sca tteri ng of x-rays . [ T he groups of W .  Beeman { Un i vers i ty of W i s cons i n } ,  
and of A .  W .  Schmi dt  { Un i vers ity o f  Mi s souri } i n  t he Un i ted St ates , of 0 .  
Kra tky { Un i vers i ty o f  Graz , Austri a } , and of M .  Ka kudo {Osaka Un i vers i ty ,  Japan } 
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come qu i c k ly  to min d .  1 
Some of the most dramati c advances in  sma l l -ang l e scatteri ng 

{SAS ) in the past fi ve years a ppear to be in the devel opment and appl i cat i on 
of neutron sma l l - ang l e  scatteri ng techn i ques . T he comp l emen tary na ture of 
neu tron s ca tter i ng and x-ray scatter i ng c an now be effecti ve ly  expl o i ted . 
For exampl e ,  i t  appears tha t wi th  the use of neutrons ,  x-rays , and so l vent  
scatter i ng-dens i ty var i ati on one  can determi ne the  s i ze ,  shape , and i nterna l  
i nhomogenei ty of part i c l es i n  favorabl e cases . 

I n  part , these rap i d  advances have been made poss i bl e by the devel 
opment of new equ i pment , notab ly  of mu l t i p l e  and pos i t i on- sens i ti ve detec tors 
and of x-ray and " hi gh-fl ux"  co l d-neutron sources .  T he devel opmen t of the 
neu tron g u i de tube by Mai er-Lei bn i tz ' s  g roup at Garch i ng i n  the ear ly  1 960 ' s  
contr i buted an important s tep i n  the d i ffract i on phys i cs of the fi el d .  By 
1 963 , W .  Schmatz at Ga rch i ng ,  Germany , was app ly i ng i t  to el i mi nate doubl e 
Bragg sc atteri ng by us i ng a wavel ength l onger th an the Bragg c utoff . Thus , 
a va st ly  improved i nves t i gation  of po i nt-defect st ructures i n  metal s coul d 
be underta ken wi thou t the vi ti ati ng prob l em of doub l e Bragg  scatter i ng .  T he 
gu i de tube concept h as now been dramati ca l ly embodi ed i n  the i n strumentat i on 
devel oped around the hi gh-f l ux reactor at  the I nst i tute Laue Langevi n ,  Grenobl e .  
The sma l l -ang l e  scatteri ng i nstrumen t i s  80  m l ong .  I t  u ses a spec i al l y devel 
oped area -sens i t i ve detector th at makes pos s i b l e  the col l ect ion of sma l l - ang l e  
scatteri ng {SAS ) pattern s i n  a few m i nutes . As a l ways , orders of magn i tude 
improvemen t i n  techn i que l ea d  to the performance of fru i tful new exper i ments 
tha t were previ ou s ly  too ted i ous to be cons i dered . 

Structural features of protei n and other macromo l ecu l es i n  sol ut i on 
and i n  some c ases i n  t i ss ue ,  mol ecu l a r  confi guration  and aggrega ti on i n  amor
phous ma teri a l s i nc l udi ng cryst al l i ne/amorphous chara cter i z i ng rati os , den s i ty 
fl uctuat ions i n  the g l ass  trans i ti on , and i ntermo l ecu l ar entangl ements { " k i n ks ") 
are but a few of the features on whi ch SAS studi es were reported recent l y  ( See 
col l ected pa pers i n  J. App Z.  CpYst.  z, Apri l 1 974 ) .  

As the present thrust toward taki ng ful l advantage  of computeri za 
t i on ,  h i gh-fl ux x-ray ( and neutron ) sources , and pos i t i on- sens i ti ve qua ntum 
detectors cont i nues to bu i l d ,  we can probabl y expect to see a cons i derabl e 
contr i buti on to ward our understandi ng of  i nhomogeneous materi al s ,  of l i qu i d s  
i nc l ud i ng so l ut i ons and o f  bio l og i cal mo l ecul es i n  envi ronments {e . g . , sol u
t i ons ) near ly  l i ke the i r bi o l og i ca l  env i ronment .  

Further , as  both experimental and theoreti ca l  methods deve l op to 
make i t  poss i bl e , the use of a range of wavel engths ( e . g . , synchrotron sources 
and energy-d i spers i ve area detec tors ) wi l l  add further power to the SAS tec h
n i que so that , for exampl e ,  s i ze ,  shape , ori entation , and dens i ty d i str i buti on 
wi th i n  the scatteri ng part i c l e {e . g . , mo l ecul e ) c an be determi ned qu i c k ly  and 
re l i ab ly .  

( c ) Lattiae Distortions and Loaa Z. Atcmia Arrangements : T he current sta 
tus of stud i es of  l atti ce d i storti ons and l ocal atom i c  arrangements ( defects ) 
i n  rea l crys tal s wa s  revi ewed at the Apr i l 20-May 3 ,  1 974 , I nternat iona l  Di s
cuss i on meet i ng at  JUl i ch on th i s  subj ect { see col l ected papers in  J .  App Z. 
CpYst. �' Apri l 1 97 5 ) . T he pri n ci p al d i ffracti on phys i cs prob l ems ha ve been 
t he devel opment of combi ned theoret ica l  and experi mental approaches to separa
t i on and ana lys i s  of  the d i ffuse scatteri ng contr i buti ons from severa l ori g i ns , 
e . g . , ordi nary therma l v i brati ons , compos i t i onal a nd d i sp l aci ve fl uctua ti ons , 
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po i nt defects and c l u sters , strong ly  coup l ed thermal  v i brat ions , and tempera
tu re- i nduced d i sp l a cements (e . g . , premon i tory phenomena i n  phase tran s i t i ons ) . 
These have l ed to successfu l and fundamenta l l y  i mportant stud i es of  pha se trans
i t i ons in  a l l oys , magnets , and superconductors ; of  the dynam i c s  of p ha se trans
i t i ons ; of the phys i c s  of fl u i d s ;  of d i ffus i on i n  so l i d s  and l i qu i d s  i nc l ud i ng 
sel f-d i ffu s i on ; and of l a ttice dynami c s of a l l k i nds . The importa nce of the 
separati on of  stat i c and dynami c  effects by u se of neutron scatter i ng was c l ear ly  
demonstra ted by Comes ' s  revi ew (4 ) on l i near l oca l  order ; much of  the  earl i er 
d i sorder stud i es ( e . g . , those on the a- B trans i t i on i n  quartz or the BaT i 03 
ferroel ectri c tra n s i t i on ) are now be i ng cont i nued wi th i ne l a st i c  neutron sca t
teri ng methods .  

Techn i ques and  methodo l ogy of d i ffu se sca tteri ng stud ies are i n  a 
state of  v i gorou s devel opment .  I n  the study o f  short-range order and cl u s
ter i ng by x-ray d i ffract ion  i n  hi g h ly  concentrated metal al l oys Gragg and 
Cohen , (5 ) ,  and Bor i e  and Sparks ( 6 )  for examp l e ,  three-d imens i onal data can 
now be obta i ned and d i spl acements cau sed by thermal mot ion and by the defect 
stru cture can  be we l l separated so that ref i ned l a tt i ce mode l s  ba sed on com
pu ter s imu l a t i ons can be con s i dered . In the groups of Sch i l l i ng and Sc hmatz 
i n  JU l i c h ,  h i g h ly  sens i ti ve techn i ques of d i ffu se x-ray and neu tron scatter i ng 
have been deve loped . By the u se of a 1 00- kW rotat i ng anode x- ray genera tor 
and a mu l t i detector system , Hau bo l d ( 7 ) was abl e to d i scr imi na te the sca tter i ng 

of a 5 x 1 0-4 (atomi c fracti on ) Fren kel defects i n  a l um i num from the 50-t imes
l arger Compton scatter i ng .  One resu l t  wa s that rad i a t i on damage effects , for 
exampl e ,  cou l d  be fol l owed by d i ffuse scatter i ng measurements a l most  as they 
happened . 

The work  of Ha ubo l d and Sc hi l l i ng ( 8 )  i n  achi ev i ng a data-col l ecti on 
rate four  orders of  magn i tude grea ter than  " standard " s hows that opportu n i ti es 
for sci ent i fi c  advancement through  the devel opment of i nstrumenta tion  ex i st 
now . Sync hrotron sources offer the promi se of st i l l  further i ncreases i n  data 
col l ec t i on rates . 

One exc i ti ng examp l e  of stud i es made pos s i b l e  by the 1 04 i nc rease 
in s peed i s  the f i n d i ng that the annea l i ng stages from radi ati on damage ,  pre
v i ou s l y  thought to be vari ou s stages of recombi nat i on , a re actua l ly var i ou s  
stages o f  c l u steri ng .  Th i s new i n s i ght can be expected to pl ay an  i mportant 
ro l e  i n  des i gn i ng mater i a l s that mu st wi thstand the rad i at i on damage i n  nuc l ear 
power generat i on and contro l l ed thermonucl ear fu s i on reactors . Further work  
i s  needed at l ower doses , to  be sure that s i ng l e  defects are i nvo l ved i n i t i a l l y .  
I t woul d requ i re a substanti a l  i nvestment t o  deve l op the i nstrumental capab i l 
i ti es for such stud i es i n  the Uni ted States . 

For the e l ements w ith  sma l l  i ncoherent- scatteri ng cross  sect i on s  
( suc h  as  Al , Pb ,  and Nb ) Bauer , Se i tz ,  and Ju st  ( 9 )  reported nearl y compara bl e 
sens i t i v i ty for the neutron spectrometers i n  Ju l i ch and Grenobl e .  Su ff ic i ent 
tec hn i ques are now ava i l abl e there for one to study the d i sp l acement struc ture 
of s i ng l e-po i nt  defects . Th i s s i tuat ion now puts the c ha l l enge and g i ves needed 
su pport data to the theoret i c i ans to devel op proper many- body mode l s  for the 
defect structure . 

Di sp l acement f i e l ds around imperfect ions  and sol ute a toms can now 
be measured , and experiments are needed to exp l ore these i n  d i l ute sol ut i ons 
and concentra ted so l ut i ons , to better understand the nature of  these imperfec
tions , i nteract i on s ,  and t he i r  effects on  propert i e s . C l usteri ng of sol ute 
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atoms (a s  i n  harden i ng a l l oys a nd steel s) can then perha ps be understood i n  
meta l s  a nd cerami c s .  Here aga i n  a strong coupl i ng o f  theory and exper i ment 
i s  needed . 

(d) Dynamical, Diffmction Effects : An area of d i ffracti on  phys i c s  i n  
wh i ch there has  been dramat i c  advances i n  the l ast  1 5  years i s  that of d i ffrac
t ion  by near ly perfect crysta l s .  Al though the govern i ng dynami cal theory was 
i n i t i a l ly  expounded by Ewal d  (1 0) i n  1 9 1 7 ,  the f i e l d  d i d  not start devel op i ng 
broad ly  unti l the  1 960 ' s fo l l owi ng Lang ' s  (1 1 ) p i oneeri ng work on x-ray d i f
fract i on topography .  T he ensu i ng app l i cat i ons  have great s ign i fi cance .  T he 
understa nd i ng of  real so l i ds has been great l y  improved . T h i s  tech n i q ue i s  
now ro uti nel y  u sed i n  semi conductor product ion  techno l ogy . I nd i v i dua l  d i s l o
cati ons were v i s ua l i zed , confi rmi ng the theory of meta l l i c y i e l d i ng  for the 
f i rst  t ime i n  bul k speci mens .  Stack ing  a nd other p l a na r  defects were v i sua l i zed , 
and s tra i n  fi el ds  were mea sured to compa re wi th and to support the deve lopment 
of  theory . C l usters of po i nt defects were stud i ed v i a  anoma l ous  transmi s s i on 
methods . As theory deve l oped , appl i cat i ons were made to the determi na ti on 
of stress  produced by a n  oxi de fi l m  on a s i l i con crysta l  ( importa nt in so l i d
state dev i ces) and to quant i ta ti ve stud i es of acoust i c  v i brat i on (resonance 
modes) patterns i n  three d imens ions i n  quartz os ci l l ators . W i th the adva nce
ments bei ng made i n  c rysta l -growth techno l ogy and wi th conti nu i ng progress 
i n  dev i ce physi cs uti l i z i ng near ly  perfect crysta l s ,  for both e l ectron i c  a nd 
opt i ca l  app l i cat i ons , dynam i ca l  d i ffra ct i on effects are no l onger l a boratory 
curi os i t i es but are i ncrea s i ng l y  encoun tered i n  the course of x-ray character
i zat i on of materi a l s .  I n s truments that prev i ous ly  had been cons i dered to be 
too l s for spec i a l i zed research i n  d i ffract ion  theory a t  un i ver s i ty l a borator i e s  
are now found i n  i ndustr i a l  l aboratories , where they are used to eva l uate crystal 
qua l i ty .  Invest igators who a re primari l y  i nterested in  ma teri a l s · properti es 
must now be prepared to dea l with  these more soph i st i ca ted d i ffract ion  tech
n i ques and phenomena . 

Sophi sti ca ted d i ffraction tech n i ques were used , for examp l e ,  by Bonse 
and Hart,  (1 2) whi l e  temporar i l y  in t he Un i ted States , at Corne l l Un i vers i ty ,  
to ma ke the x-ray i nterferometer .  T hi s  i ns trument i s  hav i ng a strong impact 
i n  fundamenta l x-ray and atomi c phys i cs .  For examp l e ,  i t  has been used to 
ma ke d i rect measurement of x-ray wave l ength s i n  terms of the st andard l i ght 
wavel ength .  Determi nat i ons  of  l at ti ce parameters wi th u l tra- hi g h  accuracy 
wi th th i s  i nstrument a re l ead i ng to redetermi nat i on of the fundamental a tomi c 
constants . Other i nstruments of unusua l  capabi l i ty have a l so resul ted . [ e . g ,. 
Bonse-Hart SAXS (sma l l -ang l e x-ray scatteri ng] d i ffractometer ; monochroma tor 
produci ng x-ray beam hav i ng much l ess wave l ength spread  tha n  emi ss i on l i nes) . 

Lang returned to Engl and soon after deve l op i ng the topographi c met h
ods bear i ng hi s name . Bonse returned to Germany and Hart to Engl and . S i nce 
that t i me the great es t port i on of  the deve lopment of the re l evant dynami cal 
theory and i ts app l i cati ons has passed to workers i n  Japa n and Europe . 

(e) E"LectPon Miaroscopy (EM) and Diffmction: An important a rea of d i f
fract ion  phys i cs that a bso l ute ly  requ i res  an understandi ng of dynami ca l  d i f
fract ion  effects i s  that of i nterpreti ng e l ectron mi croscope images of crys ta l 
l i ne mater i a l s .  I nc l uded i s  the powerful new techn i que o f  l at t i ce imagi ng ,  
whi ch i s  now so wel l deve l oped that one can " see 11 structures d i rect l y  i n  favor
a bl e  ca ses . New techn i que s of  hi gh-vol tage EM and scanni ng transmi ss i on EM 
offer the pos s i b i l i ty for important  new deve l opments .  
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U . S .  Shortfa l l 

Unfortunate ly ,  wi th but few except ions , the Un i ted States has con
t ri buted and i s  contr i but i ng l i ttl e to the c urrent exci t i ng devel opments i n  
d i ffract ion  phys i cs .  Even thoug h i t  ha s at  l ea s t  a few good peop le  i n  each 
of the f i el d s ,  the fund i ng agenc ies have not adequate ly  su pported the ongoi ng 
deve lopment of the theory and methods . I nstead , the fund i ng agenci es seem 
to be too concerned wi th i mmedi ate payoffs , wi th a ppl i cat i ons . Genera l ly 
spea k i ng ,  there seems to be an  unwi l l i ngness  to i nvest i n  fundamenta l s  a nd 
i n  devel opment of the i nstrumentati on for tomorrow • s  sci ence (except , poss i bl y  
i n  h i g h-energy phys i cs ) . T he pena l ty i s  that U . S .  sci ence i s  c i rcumscri bed 
to a much too l arge exten t  by the type of i nstruments tha t  can be bought off 
the shel f and ha s therefore had to wa i t  for deve l opment e l sewh ere . Even  com
merc i a l  i tems , d i ffractometers  and el ectron mi croscopes , for exampl e ,  have 
genera l ly to be obta i ned from fore i gn manufacturers . On l y  i n  the fi el d of 
detectors are Amer i can  supp l i ers keep i ng pace . T he devel opment of the e l ec
t ron m i croprobe ( Fra nce ) and the scanni ng el ectron mi croscope ( Engl and ) are 
pr ime examp l es i n  wh i ch other countri es have surpas sed the Un i ted Sta tes . 
T hi s  i s  happen i ng for many other area s ,  parti cu l ar ly  i n  d i ffract ion  a nd pa r
t i c ul ar ly  d i ffracti on phys i cs ,  for examp l e ,  so l i d- sta te pos i t i on-sens i t i ve 
and area detectors for x-rays a nd area detectors for neu trons , h i gh - i ntens i ty 
x-ray sources , and e l ectron opt i ca l  i nstruments . 

I n  the area of e l ect ron mi croscopy and d i ffracti o n ,  i n  pa rti cu l ar , 
the major devel opments of theory and techn i q ue of the l ast  20 years have come 
from Japa n , E urope , and Au stra l i a .  T he  re l a ti ve ly  l ow l evel of fundamenta l 
work ( i nc l udi ng i nstrumenta l  deve l opment , d i ffract ion  and ima g i ng theory , ad
vances in t echn i q ues ) a nd l a ck of adequate teachi ng for both bi o l og i ca l  and 
nonbi o l og i ca l e l ectron mi croscopy and d i ffraction  i n  the Un i ted States may 
a ri se l argely because most c urrent fund ing  for el ectron mi croscopy comes from 
the Na ti ona l I n st i tu tes of Hea l th ,  wh i ch supports most ly medi c a l  research 
and  not phys i cs or  crysta l l og ra phy. 

One resu l t  of the l ac k  of s upport for fundamenta l work i n  d i ffrac
t i on physi cs i s  that , where i t  i s  i nc l uded a t  a l l i n  curri cu l a ,  i t  i s  ta ught 
only at l ow l evel s i n  a l l but a few ( under a dozen ) U . S .  schoo l s .  Even i n  
most  o f  those , the teach i ng i s  not done i n  the phys i cs department , wh ere one 
mi ght  l og i ca l ly  expect to f i nd v i g orous courses a nd research i n  d i ffract ion 
phys i cs .  T h i s i s  i n  comp l ete contrast  to the si tua t i on i n  Japan i n  parti cu l ar ,  
and i n  Europe . Adequa te t ra i n i ng i n  d i ffracti on  phys i cs shou l d impa rt the 
fundamenta l s  i n  most  of  the fo l l owi ng a reas : 

1 .  fundamenta l s  of ki nemat i c and  dynami cal  theory ; 
2 .  sca tteri ng by phonons , magnons , and p l a smons ; 
3 .  scatteri ng by defects ; 
4 .  sma l l -ang l e  sca tter i ng ;  
5 .  scatteri ng from l i qu i ds and amorphous sol i ds ;  
6 .  x-ray , neutron , and e l ectron opt i cs of common i ns truments ; 
7 .  crysta l  symmetry and struct ure determi nat i on ;  
8 .  unders tand i ng of a l l forms of d i ffuse , i nel a st i c  bac kground scat

teri ng (needed for proper treatment of sca tteri ng from non
crysta l l i ne materi a l s ) . 
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T he dear th of g raduates we l l  tra i ned i n  d i ffract ion  phys i cs ma kes 
i t  d i ffi cu l t to estimate the poten ti a l  U . S .  job market for crys ta l l ographers 
wi th a broad tra i n i ng in d i ffract ion phys i cs .  T he few gradua tes  of schoo l s 
wi th strong prog rams i n  th i s area have encountered no parti cul ar  d i ffi cu l ty 
i n  f i ndi ng j obs  consi stent wi th thei r backgrounds . 

Summa ry 

Di ffract i on physi cs i n  crysta l l og raphy i s  a broad fi e l d ,  as i s  i nd i 
cated i n  Tabl e 1 ,  i n  wh i ch a na l yt i ca l  chemi ca l crys ta l l ography fa l l s i n  on ly  
one  b lock .  D i ffracti on phys i c s  i s  the pri nc i pa l  f i e l d  of  i nnovati on in  theory 
and techn i que s ,  a nd i n  i nstrumentat i on and methods of i t s  use , to the end of 
extracti ng the max imum i nformat i on about the l oca t i on s  and corre l at ed v i bra
t i ons  of e l ectrons and a toms i n  rea l mater i a l s .  F i ve  i l l ust ra t i ve examp l es 
of prob l em area s have been d i scussed ( prec i s i on i n  structure ref i nement ,  sma l l 
ang l e  sca tteri ng of x-rays and neutrons , l atti ce d i s torti ons and l oca l  a tomi c 
a rrangements , dynami ca l  x-ray d i ffract ion  effects , and e l ect ron mi croscopy 
and d i ffracti o n . ) I n  four of these the Un i ted Sta te s  i s  not the l ea der ; the 
l eaders hi p has passed to workers i n  Japan and Europe . T hi s  consequence i s  
a scri bed to pa st  fund i ng patterns , wh i ch have fa i l ed to g i ve adequa te support 
to teach i ng a nd research i n  the fun damenta l s  of d i ffract i on phys i c s  and to 
deve lopmen t of new i ns trumenta tion  i n  the f i e l d .  
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TABLE 1 

Some Areas of Di ffract ion Phys i c s App l i cat i ons 

Type of Spec imensa 

Type of  scatter i ng 
Pol ycrysta l l  i ne Ma ter ia l  sb of X-Rays , Neutrons , Si ng l e-Crysta l 

and E l ectrons Perfect I mperfect 30 20 1 0  
( fi bers ) 

E l a st i c Coherent cca 

( e . g . , " Bragg" ; 
corre l a ted from X X X X X 
l i qu i ds )  

I nel ast i c Coherent 
(e . g . , t hermal  d i f- X X X X 
fu se s catteri ng } 

El a st i c I ncoherent 
( e . g . , d i sorder d i f- X X X 
fu se catteri ng ,  
gases } 

I nel a st ic  I n coherent 
(e . g . , Compton , X X X 
i nco herent neutron ) 

a)  X i n  a box means  that s i gn i fi ca n t  a ppl i ca t i ons ex i s t .  

b)  1 0 , 20 ,  30 refer to number of d i mens i on s  in whi ch per i od i c  
order occurs ; pC , para-Crys ta l l i ne .  

a) CC , chemi ca l  crysta l l ography .  

pC 

X 

Noncrysta l l i ne 
Ga ses Sol i d s  L 1 qu "' ds 

X X X 

X X 

X 

X X 
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5 
EARTH SCI ENCES 

I NTRODUCTION 

H i stori ca l l y ,  crys ta l l ography has p l ayed an  importa nt ro l e  i n  t he geo l og
i ca l  sc i ences , especi a l ly i n  mi nera l ogy and geochemi stry ,  because geo l og i sts  
dea l on  a l arge sca l e wi th i norgan i c compounds tha t are a l most  exc l us i ve ly 
i �  the sol i d ,  c rysta l l i ne stat e .  T hus , geo l og i ca l  l abora tori es have l ong de
pended on the essenti a l  adj unct of x-ray methods and equ i pment a l most as  they 
have on  the mi croscope . I ndeed , the sci ence of crysta l l ography wa s  or i g i nated 
and devel oped l argely  wi th i n  the doma i n  of mi nera l ogy . After M .  von La ue ' s 
d i scovery of x-ray d i ffra ct i on i n  the rea l m  of phys i cs ( 1 )  the  sci ence of 
mi nera l ogy was revol ut i on i zed by the new structure ana lys i s techn i ques . T he 
sensa t i ona l  reve l at i on of the structura l  ba s i s  of th e s i l i cate compounds  a s  
revea l ed by p i oneers such a s  W .  L .  Bragg , B .  E .  Warren , and L .  Pau l i ng ( 1 ) i s  
wel l known . By the 1 950 ' s ,  emphas i s bega n to sh i ft from a preoccupati on  wi th 
struc ture determi nat ion  i t sel f to the app l i cat ion  of structura l i nforma t i on 
to the  i nterpreta ti on of  geochemi ca l phenomena . S i nce the mi dd l e  1 960 ' s ,  crys
ta l l ography i n  the earth sci ences has been heav i ly  concerned wi th deta i l ed 
studi es  of  crysta l textures on an atomi c sca l e i n  re l a ti o n  to chemi cal  env i 
ronment , therma l hi story ,  mode o f  format i on ,  and other coex i s t i ng p ha ses . 
Mo st  of  the i mportant mi nera l struct ure types are now known , but deta i l ed and 
preci se structure ana l yses u s i ng modern methods have been ca rri ed out on re
l a t i ve ly  few of the i nn umerab l e  va ri ants of these structures . They are never
the l ess needed to provi de essenti a l  i nforma t i on for the app l i cat ion  of numerous 
phys i ca l  stud i es to geo l og i c  prob l ems . 

Today the use of crys ta l l ograph i c  techni ques  i s  wi des pread throug hout  
geo l ogy , rang i ng from rout i ne mi nera l i denti f ica tion wi th x-ray powder di ffrac
t i on methods , th rough fu l l -scal e structure determ i na t ions  i nvo l vi ng hundreds 
of parameters ,  to i n vesti gat i ons  of chemi ca l bondi ng i n  mi nera l s .  T he fu l l 
benefi t of  these powerfu l  techn i ques  i s  bes t obta i ned by sc i enti s ts wi th  ex
tensi ve experi ence i n  the fi el d of crysta l l ography and crys ta l chemi stry .  
I n  th i s  area 11 b l a c k-box 11 procedures  may eas i ly l ead to erroneous  resu l ts .  

Pe rhaps the  most s i gn i fi cant a spect of crysta l l og raphy a s  i t  i s  be i ng 
pract i ced today i s  the way it  i s  be i ng i n tegra ted a s  an  essenti a l  part of 
other d i sci pl i nes i n  the earth sci ences . For exampl e ,  fi e l d  and experimenta l 
pe tro l og i st s have made extens i ve use of soph i sti cated powder d i ffracti on a na l 
ys i s ,  and many now regard the preces s i on camera for cel l and spa cegroup deter
mi na t i on as i nd i spensab l e to such studi es . Geophys i c i s ts have contr i buted 
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great ly  to our understandi ng of the compos i t i on and mi neral ogy of the upper 
mant l e th rough crys ta l l og rap hi c ana l ys i s  i n  hi gh-pres sure experi ments . Indus
tri a l  app l i cati ons  i nc l ude the  des i g n  a nd use  of d i ffract i on fac i l i t i es for 
the rap i d  ana l ys i s  of  l a rge numbers of samp l es such as  rock cut ti ngs from ho l es 
dri l l ed for o i l .  Current ly , the Deep Sea Dri l l i ng Proj ect i s  us i ng automa t i c  
equ i pment for x-ray ana l ys i s of  deep-sea samp l es and needs even more support 
to keep up wi th the ever-growi ng number of samp l es .  T here are many other ex
amp l es that  cou l d be c i ted , but the major poi nt to empha s i ze i s  that crystal 
l og ra ph i c act i v i t i es from the most  bas i c  to the app l i ed are be i ng i nterwoven 
wi th other di s c i p l i nes , thus l eadi ng  to a much  be tter un derstand i ng of the 
behav i o r  of  mi nera l s and mi nera l systems . 

A few exampl es of current  research c i ted be l ow i l l u strate we l l  an import
ant a spect of  mi nera l  crystal struc tures , name ly , tha t they cons i s t  of extended 
bond i ng networks a nd a l mo st never of i so l a ted mo l ecul es . T hi s requ i res an  
ent i re l y  d i fferent a pproach from that assoc iated wi th orga n i c  or  bi o l og i ca l  
mo l ecu l es and genera l ly  i s  much l es s  amenab l e  to standardi zed method s than 
structures domi na ted by d i screte mo l ecu l es .  

Systemat i c  Structure St udi es 

(a ) Rock-forming Si Licates : T he rock-formi ng s i l i cate mi nera l s  are by 
fa r the most i mportant  geo l og i ca l l y .  T he bas i c  structures  of the maj or s i l i 
ca te groups worked out by W .  L .  Bragg ,  B .  E .  Warren , L .  Pau l i ng ,  W .  H .  Tayl or , 
and ma ny others i n  the 1 930 1 s  and 1 940 1 s  ( 2 )  prov i ded the founda t i on upon whi ch 
v i rtua l l y  a l l petro l og i c stud i es s i nce then have been based. T hese di scoveri es 
were truly spectacul a r  i n  thei r  day , j ust  as the revel a ti on  of prote i n  struc
t ures i s  today. T hi s ea rly exc i tement di d not c l i max and subsi de but grew 
i n  i n tens i ty a s  more a nd more mys teri es were reso l ved through the appl i cati on 
of the new structure theory .  Up to  the present ,  crysta l l ograp h i c  research  
i s  demonstrat i ng tha t  i nformation  cruc i a l  to fundamenta l geochemi ca l phenomena 
i s  revea l ed on ly  by prev i ous ly unsus pected structura l  comp l exi ti es of these 
mi nera l s .  A pr ime examp l e  l i es i n  the fe l dspar g roup of framewor k si l i cates , 
whi ch form so l i d  so l u ti ons wit h the decept i ve ly  s i mp l e end members NaAl S i 30a 
and CaAl 2S i 2o8• T he deta i l ed ana lys i s  of the l a st ( anorth i t e )  wa s  accomp l i shed 
on ly  1 2  years ago by Hel en Megaw • s  group in a tetramo l ecul ar tri c l i n i c  un i t  
cel l i nvo l v i ng 1 56 structure parameters ( therma l parameters were no t refi ned ; 
sti l l  far short of  11modern s tanda rds .. ! ) . Th i s  ana lys i s  l ed to a fu l l un derstand
i ng of  the s ubtl e S i -Al orderi ng on the tetrahedra l s i t es .  H .  D .  Megaw , W .  H .  
Tayl or , J .  V .  Smi th , F .  Laves , and others ( 3 )  have shown the importance of 
recog ni z i ng the exact nature and degree of S i -Al order i n  fe l d s pars as a c l ue 
to the tempera tu re of roc« formati o n .  Untangl i ng the compl ex d i ffract ion  phe
nomena resu l ti ng from the s imu l taneou s effects of twi nn i ng ,  atomi c subst i tuti on , 
s i te d i sorder , mul ti - phase separat ion , doma i n d i sorder , and d i ffuse sca tter i ng 
requ i res crysta l l ograph i c perception  of the h i g hes t order.  

The pyroxene and amph i bo l e  groups of cha i n  si l i ca tes  are equa l ly  i mportant 
as  i ndi cators of  rock hi story. T he former has been found in the l as t  decade 
to prov i de the most re l i ab l e ava i l abl e geothermometer through  a de ta i l ed know
l edge of the d i stri buti on of the Mg , Fe , Mn ,  Ca , etc .  cat i ons  over the var i ous  
crysta l l ograph i c  s i tes and the l a tter have great potent i a l  i n  th i s  appl i cat ion .  
The chemi cal comp l ex i ty of  these mi nera l s  that ma kes t hem important  a s  geochem-
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i ca l  i ndi cators resu l ts aga i n  i n  mu l ti -phase textura l  pa tterns , frequently 
on a sca l e  of  a few angstroms , requ i r i ng the utmost s k i l l  in the i n terpreta t i on 
of  thei r d i ffract ion effects . The a pp l i cat ion  of such stud i es by H .  Takeda , 
M .  Ros s , J . J .  Pa p i ke ,  S .  Ghose , and many others ( 4 )  to the study of l u nar  roc ks 
and thei r ori g i n have been parti cul arly  noteworthy . Beca use l unar sampl es 
ava i l ab l e to i nd i v i dua l i nvest i gators have been so sma l l ,  the extraord i nary 
amount of  i nforma t i on that cou l d be extracted from these samp l es through crys
ta l l ograph i c  techn i ques ha s made these advanced crysta l - structure methods i n
d i spensab l e .  

( b ) A tumin�magnesium Hydroxides : Among the nons i l i cates , the rel a
t i onsh i ps of  a seri es of a l um inum-magnes i um hydroxi de-beari ng compounds and 
mi nera l s have been e l uc i da ted in recent years by crysta l l ograph i c methods . 
T hese 11 ba s i c 11 metal  sal ts ( carbonates , ch l ori des , etc . ) have proved to be based 
on a s i mp l e  concept : charged bruc i tel i ke me tal  hydroxi de l ayers are i nterl eaved 
wi th some other type of  l ayer . T he chl ori te st ruct ure i n  wh i ch the i nterl ayer 
i s  a m i ca l i ke s i l i coal umi nate was the fi rst to be found of th i s  type ( 1 930 ) , 
but crystal l ograph i c  stud i es over the l a st decade or so have revea l ed that 
th i s struct ura l mechan i sm has a far-reach i ng ro l e  in so l i d-sta te chem i s try. 
Al l mann  and coworkers ( 5 ) found that i n  koeneni te ( Na ,Mg ) C l  forms an i n terl ay
er  comp l ex wi th ( Mg ,Al ) (OH ) 2 to produce crys ta l s wi th strange l a tti ce proper
t i es that wou l d  defea t anyone who di d not have l ong experi ence wi th crys ta l 
chemi stry and d i ffracti on methods . T he unusua l comp l ex represented by val 
l eri i te ,  1 . 526  ( Mg ,A l ) (OH ) 2 ( Fe , Cu ) S2 , wh i ch l ooks  chemi cal ly and even crys
ta l l ograph i ca l l y  as  though i t  were a mi xture , Al l mann  ( 6 )  found to be a homo
genous crysta l structure of a mos t unusua l type.  I n c i denta l ly , th i s di scovery 
prov i ded an exp l anat i on for the p uzz l i n g  beha v i or of certa i n  Canad i a n  copper 
ores , from wh i ch the magnes i um and a l umi num cou l d not be separa ted by the usua l 
fl otat i on methods .  

Th i s examp l e  i l l ustra tes how astute crysta l l ograph i c  research o n  crys tal s 
of  genera l ly  poor qua l i ty ,  us i ng structure ana lys i s  methods t ha t  many crysta l 
l og raphers wou l d ca l l  semiquant itati ve (and probab ly  woul d rej ect the crysta l s 
a s  un su i tabl e for s tudy at  the outset ) , ha s opened up a broad area of crysta l 
chemi ca l  i ns i g ht . It  a l so i l l ustrates the s i tuat ion  typ i ca l ly  faced by the 
mi nera l crysta l l og rapher , who i s  forced to dea l wi th the crys ta l s as  they come 
to h i m  from nature , i n  whatever twi nned , deformed , or d i sordered s ta te they 
may be . 11 Unsa ti sfactory 11 crys ta l s cannot be rej ected and new and better ones 
obta i ned . Much i mportant ba s i c  i nforma tion  has been obta i ned from such crysta l s .  

( c )  Sutfosa tts : One of  the most compl ex mi nera l og i ca l  systems , and 
one that  i s  bas i c  to many ore depos i ts ,  i nvo l ves the so-ca l l ed 11 s u l fosa l t s . 11 
Of natu ra l  phases of the type AxYyZz , where Y = As , S b ,  or B i , Z = S ,  Se ,  or 
Te , and A i s  commonly  a comb i nat ion of Cu , Fe ,  Ag , Pb ,  or  Zn , Nowac k i  ( 7 )  
ha s l i sted 1 77 estab l i shed spec ies  among su l f i des  a l one . T he c l ose re l a ti on
shi p of these who l ly unsal tl i ke pha ses to the PbS (or NaC l ) structure (as  for 
examp l e ,  jordan i te , P b1 4As6S23 ) or to the ZnS structure ( for exampl e ,  nowa k i i te 
Cu6Zn 3As4S 1 2 ) and  vary1 ng stages i n  between has been revea l ed i n  recent years 
by W.  Nowack i , M.  Buerger , B .  Wuensch , and others , ( 6 )  t hrough extens i ve crys
tal  structure stud ies  of the most compl ex and nonro ut i ne ki nd . T hese crysta l s  
commonl y  are subj ect to e l aborate supers truct ure arrangements , subtl e s i te
d i sorder di stri but i ons , and i nv i d i ous twi nn i ng .  Wherever these fa ctors enter 
i n ,  no routi ne approach i s  fea s i b l e  and the experi ence and speci a l  i ns i ghts 
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of the crysta l l ographer a re i ndi spensabl e . 
( d ) Phosphates : Ano the r enormous group  of mi nera l s cons i s ts of the 

phosphate ( and arsenate ) spec i es ,  of wh i ch there are over 300 . T he crys ta l  
structures o f  these phases a re us ua l l y  not as demandi ng of crysta l s truct ure 
ana lys i s  procedures a s  some of the above-ment ioned systems . Neverthe l ess , 
a fu l l unders tand i ng of  the format i on ,  beha v i o r ,  and i nterrel ati onsh i ps of  
the va ri o us components of a m i nera l phosphate sys tem depends heavi ly on the 
sheer geometry of the  phosphate group  and i t s  assoc i ati on wi t h  the ca ti ons , 
frequentl y under  t he i nfl uence of hydrogen bonds . T hi s understa nd i ng can 
on ly  come from sys temati c stud i es by someone t ra i ned p rimar i ly i n  crys ta l l o
gra phy and crysta l chemi s try.  I t  wo ul d genera l ly not be feas i bl e  i n  suc h  
stud i es for a chemi s t  or  a mi nera l og i st to co l l ect o r  synthes i ze a number 
of spec i es ,  submit  t hem for struc ture ana lys i s ,  and i nterpret them wi thout 
t he ass i stance of a crysta l l ographer .  

I n  con necti on wi th phosphates , we  shou l d ta ke note of  the  i mp l i cations  
of the  apat i te phases . These have been the subj ect of  extens i ve structura l 
stud i es not on ly  by mi nera l og i s ts and geo l og i st s  i n  connecti on wi th phosphate 
rock depo s i ts bu t a l so by bi ochemi sts i nterested i n  t he hard ti s sues of teeth 
and bone a nd by phys i c i sts  i ntr i gued wi th i t s  spec i a l  so l i d-state properti es.  

( e )  Zeolites : T he properti es o f  the zeo l i te group  of mi nera l s ,  wh i ch 
has ever- i ncrea s i ng i ndustr i a l  importance , depend v i ta l ly  on the deta i l s  of  
thei r structures . T he ana l ys i s  of  these s tructures i s  comp l i cated by the 
l arge un i t  ce l l s  of the framework a l um i nos i l i ca tes , the preva l ence of twi n n i n g  
a n d  doma i n  d i sorder , a n d  the near ly  fl u i d  nature of the cati ons a n d  wa ter mo l e
cul es i n  the l a rge channe l s  and voi ds i n  the open structures .  Ear l i er  anal yses 
genera l ly  i gnored S i -Al orderi ng and presented degenerate ly  symmetri ca l struc
tures (frequent l y  pos tu l at i n g  un l i ke ly  1 8� S i -0-S i l i n kages , for examp l e ) , 
whereas a knowl edge of the actua l l ower-symmetry , more ordered structures  i s  
needed for the i r  ful l u nderstandi ng . For exampl e ,  to wo rk out the deta i l s  
of  suc h struc tures  a s  t ha t  of  the syntheti c zeo l i t e  A ,  whose cub i c un it  ce l l  
contai n s  ( K2 , Ca , N a2 ) 7�l l s2S i s2 o01 344 " 700H20 ha s requ i red the thoug htfu l 
appl i ca ti on of  the most  advanced crysta l l ograph i c  method s at  every stage of 
the i n vesti ga t i on ( 8 ) . 

( f ) Clay �nera Zs :  T he un i que phys ica l  and chemi ca l properti es of  cl ays 
were l ong ago exp l a i ned by crysta l l og raph i c  s tud i es of the i r  ba s i c  l ayer struc
t ures . Thi s cl ass  of m i neral s i s  perhaps the most  comp l ex of a l l and i s  st i l l  
cha l l eng i ng crystal l ographers . The broad f i e l d of c l ay mi nera l ogy i s  based 
fundamenta l l y  on crysta l  chemica l  concepts . T he ro l e  p l ayed by deta i l ed x-ray 
ana lys i s  of  c l ays on sedimentary depos i ts has been cruc i a l  to t he geol og i c  
i nterpretat i on of  o i l bed structures . A knowl edge of c l ay structures i s  v i ta l  
to  t h e  unders tandi ng o f  weatheri ng processes i n  the brea kdown o f  roc ks .  U l t i 
matel y ,  th i s  l eads  t o  soi l s ,  o f  wh i ch th e maj or const i t uents are vari ous types 
of c l ay ,  and it  i s  through x-ray structure st ud i es of the cl ay components t hat  
we l earn t he mechan i sms of  hydrat ion  and base exchange tha t  a re a l l - important 
in  agr i c ul ture . 

Future T rends I n  St ructura l M i neral ogy 

A major  a rea that wi l l  requ i re extended crysta l l ogra ph i c  and structura l  
studi es i n  the future i s  concerned wi th the  su l f i de mi neral s .  T hese offer 
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a dua l opportun i ty for the  crysta l l ographer because they represent the pri mary 
mi nera l ogy of the maj or metal l i c ore depo s i t s  of the earth a nd because thei r 
compl ex i ty and vari ab i l i ty present a s i gn i fi cant cha l l enge to the i ngenu i ty 
and resourcefu l ness of the i nvest igator .  For examp l e ,  even the  apparent ly  
s i mp l e  compound Cu2S { cha l coc i te )  has a n  extreme ly  compl ex structure tha t has 
on l y  recently been e l uc i dated .  T he equa l l y  preva l ent ore mi nera l dj url ei te ,  
Cu1 . 965S ,  has a st i l l  more comp l ex and as  yet un known structure .  T he study 
of ore depos i ts has , unti l recent l y ,  had l i tt l e connect i on wi th  stud i es of 
the s i l i cate or carbona te rocks i n  wh i ch the ore bod i es are found .  Now ,  how
ever , geo l og i sts a re beg i nn i ng to rea l i ze tha t the formati on of ore depos i ts 
can be better unders tood when a l l  fa ctors such as  su l f i de-s i l i cate i nteractions  
are cons i dered . An  understand i ng of these i nteract i ons requ i res a knowl edge 
of crys ta l struc ture and  of the behav i or of tra ns i t ion  me ta l s in  d i fferent 
chemi ca l env i ronments . In terest  i n  su l f i de crysta l  chemi stry i s  growi ng , and 
th i s  w) l l  undoubted ly  be acce l erated as  more sci enti f i c  effort i s  put i nto 
the study of the or i g i n of ore bodi es .  

Whi l e  i n  the past  few yea rs exci t i ng prog ress ha s been made i n  the app l i 
cat i on o f  x-ray di ffracti on techn i q ues to t he st udy of mi nera l crysta l s truc
t ures at hi gh tempera tures and pressures , s uch stud i es are j ust i n  t he i r  i nfa ncy. 
S i ngl e-crys ta l d i ffrac ti on  experi ments a re now produc i n g  data of exce l l ent 
qua l i ty at t emperatures as hi gh  as 1 200° C .  I n  the l as t  two years , mi n i ature 
h i gh-pressure ce l l s  for s i n g l e  crysta l s have been used to st udy c rystal s truc
tures , compress i b i l i t i es ,  ph ase tran sformations , and othe r . phys i ca l  propert ies  
as  functi on s of  pressure up  to 50 kba r .  Re cently , po lycrysta l l i ne  sampl es 
have been exami ned opt i ca l ly or  wi th x-rays at temperatures and pressures a s  
hi g h  a s  2000° C  a n d  260 kbar. Because the  earth • s  i nteri or i s  composed of crys
ta l l i ne  sol i ds a t  h i g h  tempera tures  and pressures , the data obta i ned i n  these 
experi ments wi l l  have a marked i nfl uence on fut ure percept ions  of the so l i d
sta te nature of  the earth by geochemi s ts and geop hys i ci s ts .  

The deta i l ed exami nati on of  the k i net i cs and mechan i sms of phase trans i 
t ions  by dynami c struc ture stud i es ,  made a s  they occur , wi l l  sure ly b e  i mpor
tant i n  deve l op i ng our  knowl edge of rock-formi ng processes . T h i s wi l l  i nc l ude 
processes i nvo l ved i n  crystal l i zat ion from l i qu i d  or  g l assy s tates and  studi es 
of struc tures i n  t hese states . T here wi l l  be amp l e  opportun i ti es i n  these 
stud i es for cooperat i ve i n terd i sc i p l i na ry efforts wi t h  materi a l s sc i ent i s ts 
and phys i ci st s . 

Recent l y ,  the pos s i bi l i ty of i mag i ng fi ne deta i l s  of mi nera l crysta l s  
wi th the h i gh-vo l tage e l ectron mi croscope has deep ly  i nf l uenced our  way of 
th i n k i ng about many a spects of mi nera l chemi s try. For examp l e ,  c rysta l s  of 
pyroxenes , wh i ch by ord i nary exami na t ion appear qu i te homogeneous ,  are found 
to conta i n  ex traord i nari ly  fi ne deta i l of exso l uti on l amel l ae and doma i ns on 
a sca l e  approachi ng un i t  ce l l d i men s i ons . T hese deta i l s  are cl osely re l ated 
to the comp l ex chemi s try of these substances and he l p  to exp l a i n subt l e and 
compl ex x-ray d i ffracti on effects  of sate l l i te spots and d i ffuse strea ks that 
were prev i ou s l y  d i ffi cul t to account for . T he recent techn i ques of el ectron 
phase i mag i ng { 9 )  are beg i nn i ng to g i ve us p i ctures of the atoms themsel ves 
and of thei r i nd i v i dua l behavi or  i n  d i s l ocati ons and structura l i rregu l ar i t i es 
t hat  are j us t  as  s i g n i fi cant for understand i ng mi nera l phase re l ati on sh i ps 
as they a re in accounti ng for sol i d-sta te phys i ca l  phenomena . I t  must be em
pha s i zed aga i n ,  however , that these  new e l ectron-opt i ca l i mag i ng techni ques 
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wi l l  y ie l d p i ctures wi th l i mi t ed i nfonmation , unl es s the deta i l ed atomi c arrange
ments of the vari ous  components are known from x-ray crys ta l l ograp h i c  s tud i es .  

Among other areas where advanced crys ta l struct ure st udi es i n  c l ose co
operati on wi th o ther di sc i p l i nes wi l l  probab ly  make dec i s i ve contr i bu ti ons 
i n  the future , we shou l d menti on the devel opment of powder d i ffract i on methods , 
whi ch are ca pabl e of  yi e l d i ng far g reater i nforma ti on t han mere i denti f i ca ti on ,  
wh i ch i s  currently the i r  major  appl i cat ion . I ndexi ng of un known patterns i s  
sti l l  not genera l l y  accomp l i shed , bu t when i t  i s ,  structure ana l ys i s  from pow
der da ta where s i ng l e  crystal s cannot be obta i ned ( and where the  st ructures 
are not too comp l ex )  wi l l  become much more practi ca l . I n  the theoreti ca l a rea , 
the stud i es of coordi na t i on , l i n kage , and po l yhedron geometry such  as those 
i n i t i ated by A .  F. We l l s ,  Un i vers i ty of Connect i cu t  and P. Moore , Uni vers i ty 
of Ch i cago are certa i n  to broaden our i ns i g hts concern i n g  the factors tha t  
ma ke both mo l ecul ar  and mi nera l ( so l i d-sta te ) st ructures stab l e .  -Suc h topo
l og i ca l  stud i es wi l l  need to be combi ned with  l a tt i ce energy computa t i ons  and 
bond theory but wi l l  be prof i tabl e on l y  i f  carri ed ou t on a fi rm crysta l l ograph i c  
ba s e .  Al ong more chemi ca l l i nes , the study of rel a ti onsh i ps among cati ons , 
order-di sorder defect s tructures , d i ffus i on processes , and therma l hi story 
( a s  i n  the geochemi stry of magmas and ores ) has on ly j ust begun . Crysta l l o
graphy ha s much to con tri bute to such  s tud i es .  

Educat i on And Manpower 

Frequentl y the un i vers i ty chemi stry ,  b i o l ogy , and physi cs  departments 
send i nterested st udents to the geo l ogy department for ba s i c  co�rses i n  crysta l 
l ogra phy. Neverthe l ess , i n  the ea rth  sci ences there i s  no estab l i shed set 
of  standards to wh i ch co l l eges and uni vers i t ies  must conform ,  and many offer 
no crysta l l og raph i c  i ns tructi on beyond a sophomore-l eve l course i n  mi nera l ogy ; 
we l l -eq u i pped l abora tor i es a re ma i n ly  foun d on ly  i n  t he l arger uni vers i t i es .  
I n  the school s tha t  do  offer crysta l l ographi c tra i n i n g  at  the Ph . D .  l eve l , 
the genera l be l i ef i s  that  a studen t shou l d graduate wi th a good knowl edge 
of severa l aspects of geol ogy, geochemi stry ,  and geophys i cs and tha t spec i al i 
zati on i n  crysta l l ography , e l ect ron mi croprobe ana lys i s ,  e l ec tron mi croscopy ,  
or other d i sci p l i nes shoul d be used a s  support for the prob l ems encoun tered 
rather t han a s  ends i n  themsel ves . Many earth sc i ence departments encou rage 
thei r students to ta ke courses in phys i cs ,  ma themat ic s , chemi s try ,  and ma ter
i a l s s c i ence , i n  t he i nterest  of produc i ng graduates who wi l l  be crea ti ve and 
i nnova t i ve i n  crysta l l ography as  a pp l i ed to mi nera l s .• 

Whi l e  there i s  no prec i se i nforma t i on concerni ng the deg ree of emphas i s  
on crysta l l ography i n  un i vers i ty programs , some not i on about i t  may be ga i ned 
from the fact that there are approx i ma te ly  400 facul ty members i n  earth s c i ence 
depa rtments i n  the 1 9 72 AG I D i rectory of Geosc i ence Depa rtments wh o  l i st 
"mi nera l ogy-crysta l l ography" as  one of the i r  speci a 1 t ies·. Pos s i b ly  1 5% ,  or 
60 of th ese , m i ght be con s i dered to be primar i ly  i nt erested in st ructura l crys
ta l l ogra phy or  crys ta l chemi stry . Because  the n umbers of mi nera l ogi ca l  crysta l 
l ographers a re sma l l er t han the numbers o f  chemi sts o r  mater i a l s  sc i ent i sts , 
there has not been a great di spari ty between j ob open i ngs and t he n umber of 
Ph . D. ' s i n  the  f i e l d i n  recen t yea rs .  U . S .  c i ti zens wi th good academi c records  
have l a rge ly  been abl e to  fi nd  pos i t i ons  wi t h  dut i es  rel ated to t he i r i n teres ts . 
Aga i nst  an est imate of 20-30 Ph . D . graduates each  yea r wi t h  some i n terest  i n  
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mi nera l og i ca l  crysta l l ography , there appear to be about 5 academi c open i ngs . 
The number of postdoctora l pos i t i ons  i s  d i ff i cul t to determi ne bu t i s  probabl y 
somewha t greater.  I ndustri a l  and  government open i ngs accoun t for several more , 
and th e rema i n i ng graduates are empl oyed i n  ano ther fi e l d or a nother country .  

Fund i ng 

On ly rough est i mates of N SF support of crysta l l ograp hi c research i n  the 
earth sc i ences a re ava i l ab l e at  th i s  t ime ; these amount to about $ 500 ,000 an
n ua l ly .  A survey of papers publ i shed i n  the American �nePaZogist i n  1 974 
g i ves some i nd i cati ons of  sources of support in th i s f i e l d ;  of 1 1 0 papers by 
Ameri can authors { o ut  of a total of 1 54 ) , 54 a c knowl edged NSF  support ;  NASA 
was credi ted i n  1 4 , the Geo l og i ca l  Survey i n  9, and other sources i n  1 9 ,  wh i l e  
22 d i d  not menti on any spec i a l  support.  Thus  i t  appears that NSF  supports 
about  50% of  publ i shed m i nera l og i ca l  research , wi t h  addi t i onal· support from 
the hos t  i nst itut ion .  Our estimate of annual  expend i t ures i n  th i s  area are 
somewhat i n  excess of  $ 1  mi l l i o n .  

Over the yea rs ,  mi nera l og i ca l  stud i es ,  wh i ch often i nherentl y i nvo l ve 
some a s pect of crysta l l ography and crys ta l structure , have recei ved s i g n i fi 
cant su pport from governmenta l agenc i es .  T h i s support has been more generous 
in areas t hat are c l earl y re l ated in some way to a grea t nati onal  endeavor 
as  i n  the search for u ran i um , i n  connection  wi th t he l unar program ,  and now 
more t han ever i n  the press for sources of energy. Al though  the NSF  t rad i t i on
a l l y  has avo i ded tyi ng  grant j ust i fi ca t i on to a part i cu l a r  mi ss i on , nowadays , 
the i nc reased pressures for mi s s i on or i entat i on and spec i fi c  probl em sol v i ng 
that seem to be genera l ly  preva l ent are unm i sta kab ly  fe l t  a l so i n  the a rea 
of  earth sc i ences . 
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6 
MATER IALS RESEARCH 

I n troducti on 

Rudi mentary materi a l s researc h  and eng i neer i ng has been pract i ced th roug h
ou t t he h i story of man , as evi denced by the names used for such major peri ods 
as  the Stone Age ,  the Bronze Age , and the I ron Age . Un ti l recently ,  the fi e l d  
con s i s ted o f  severa l  separa te areas , primari ly  meta l l urgy , cerami cs , po lymers , 
and chemi ca l and sol i d-state phys i cs .  T hese di fferent area s were eac h con
cerned w i th the re l at i on of structure and propert ie s  of bo th new and o l d  mate
ri a l s .  By the ear ly  1 9 50 ' s , i t  became apparent that there wa s  much i n  common 
wi thi n these areas , and a new i nterdi sc i p l i nary fi e l d a rose tha t encompas sed 
them a l l known a s  mater i a l s sci ence and eng i neer i ng .  At a t ime when many 
processes and p robl ems are l im i ted by the a va i l ab i l i ty of ma teri a l s ,  opport u
n i ti es for the contri but i on of ma teri a l s research to ma tters of na tiona l  i m
portance have sharp ly  i ncreased .  

Crystal l ography has had  two maj or i nfl uences on materi a l s  researc h .  
I t  opened a new approach t o  the  study of  structure at  the l evel  o f  atomi c 
arrangement and , as  an i nterdi sc i pl i nary fi el d i tse l f ,  l ed to an  improved 
apprec i a ti on of the underlyi ng pri nc i p l es common to a l l ma teri a l s research 
for the spec i a l i sts  i n  the prev i ous ly separate areas of the fi e l d .  

Crysta l l og raphy wi l l  conti nue to  ha ve a centra l  ro l e  i n  advanc i ng the 
bas i c  understand i ng of materi a l s  by v i rtue of i ts ab i l i ty to ascerta i n the 
stati c and  dynami c  arrangement of a toms in matter and to re l a te tha t arrange
men t to the phys i ca l , c hemi cal , and mecha n i ca l  properti es  of  matter .  

Pr i or Contri butions  of Crystal l ography to Mater i a l s Research 

T here are few acti v i t i es i n  ma teri a l s  resea rch tha t have no t been ad
vanced by the sc i ence of crysta l l ography . For examp l e , the earl y d i scovery 
of more than one crysta l s tructure of i ron he l ped i mmensely i n  understand i ng 
the strengthen i ng of  steel . Contri but i ons to the unders tand i ng  and i mprove
ment  of the properti es  of s tee l s  cont i nued throug hout th i s century ,  as more 
was l earned abou t the var ious carbi des and n i t ri des that form duri ng hea t  
treatment .  T he fundamenta l bas i s  o f  modern meta l l urgy , i ndeed , rests upon 
numerou s crys ta l l ograph i c  studi es of a l l oy systems . T he a tom i c  arrangement ,  
s tra i n ,  and defect d i s tri but ion  i n  we l l -characteri zed a l l oys can be di rectly 
re l ated to  the i r mechan i ca l  p ropert i e s .  Stud i es of preferred ori entat i on ,  
fol l owi ng recrysta l l i zat ion  an d other treatments have proved most  important  
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i n  i mprov i ng the magnet i c  properties  of tra nsformer cores and the forma bi l i ty 
of sheet stee l s ;  s i mi l a r  studi es show promi se i n  the contro l of the el ast ic  
st i ffness and mechan i ca l  s trength of struc tura l  members . Crysta l l ograph i c 
research on deforma ti on , a fundamenta l materi a l s  proces s ,  showed that th i s  
effect i s  confi ned to spec i fi c  p l anes , thus permi tt i ng i mproved contro l . 
T he e l uc i dat i on of meta l l urg i ca l  prec i p i tat ion  react ions , of cons i derabl e 
practi ca l i mportance , and of  meta l fat i gue under cycl i c  l oadi ng owes much  
to  crysta l l ograph i c  s tudi es . Powerfu l new nondestructi ve crysta l l ograph i c  
too l s for p roduct contro l have been deve l oped , i nc l udi ng fl uorescence ana l ys i s , 
measuremen t  of res i dua l stres s ,  the fi l e  of standard powder d i ffract i on pat
terns for re l i ab l e i denti f i ca ti on ,  and rap i d  methods for the ori enta t ion  of 
l arge s i ng l e crysta l s .  

A deta i l ed understa nd i ng of the coopera ti ve propert i es of ferromagnet i sm 
and ferri magnet i sm ,  ferroe l ectri c i ty ,  and ferroe l a st i c i ty ha s been achi eved 
as the resu l t of x-ray and neutron crysta l l ograph i c  i nvest iga ti ons . Magneti c 
spi n-array orderi ng and ori entati on have been d i rectly determi ned i n  many 
materi a l s .  T he a tomi c d i s p l acements requi red i n  revers i ng the spontaneous 
po l ari za ti on i n  ferroe l ectri cs and i n  reori enti ng the spontaneous stra i n i n  
ferroe l a s ti cs have been measured i n  a l a rge  number of crysta l s ;  a vari ety 
of poss i bl e dev i ce app l i ca ti ons tha t ma ke use of these properti es are currently  
bei ng i nvest igated. A new techno l ogy based on magneti c  11 bubbl es 11 i n  ga rnets 
and re l a ted materi a l s  owes much to prev i ous ly  a cqui red structura l  knowl edge.  

Crysta l chemi stry has  often served as  t he most important  gu i de i n  search
i ng for new materi a l s wi t h  certa i n  des i red propert i es .  T hi s  i s  espec i a l ly  
true i n  the fi el d of  hi gh-pressure synthes i s ,  where n umerous new subs tances 
have been ma de i n  fu l f i l lment of c rystal c hemi ca l expecta tions , e . g . , dense 
forms of s i l i ca ,  new garnets and re l a ted mi nera l oxi des , dense boron phospha te , 
and dense mod i fi ca ti ons of s i l i con a nd germani um .  I t  i s  noteworthy , a l so ,  
that crysta l  chemi ca l  con s i dera t i ons  made i t  poss i bl e  to recogni ze the des i r
a b i l i ty of  produc i ng cub i c  boron n i tr ide , immed i ate ly  after the succ essfu l  
synthesi s of  d i amond .  Many other examp l es of  synthes i s ba sed on crysta l l ograph i c  
cons i derati ons may be c i ted ,  i nc l udi ng the zeo l i tes , l arge numbers o f  ca ta lyst s , 
and many eth i ca l  drugs . 

Further exampl es of the app l i ca ti ons of crysta l l og raphy to materi a l s  
sci ence i nc l ude recent phase equi l i bri a stud i es of n i tri des and  oxyn i tri des 
for turbi ne  bl ades ; the structura l studi es of s-al umi na and other superi on ic  
ma teri a l s for ba tteri es ; stud ies  of  rare-ea rth bori des for thermi on i c  emi tters ; 
ca ti on orderi ng  and magneti c structures of SmCos and other new mag net i c  mater i 
a l s ;  the observat ion  of Gui n i er-Preston zones a nd other prec i p i ta tes used 
i n  ha rdeni ng meta l s ;  and the nature of the i nterface between ceramic  p rosthe
t i c  dev i ces  and human bone and body f l u i ds .  

Among the numerous needs  of present-day soc i ety for ma ter i a l s researc h ,  
severa l of  h i g h  p ri or i ty have been i denti fi ed i n  the rece nt COSMAT report 
{ 1 ) .  A bri ef d i scus s i on fo l l ows of those research pro bl ems to  wh i ch i mportant  
crysta l l ograph i c  contri but ions are expected. 

H ig h-pr i or i ty Appl i ed Crysta l l ograph i c  Materi a l s  Research 

An improved understa nd i ng of corro s i on shou l d resu l t from a combi nation  
of  refl ecti on h i g h-energy e l ectron di ffraction  { RHEED ) , transmi s s i on e l ec tron 

39 

Copy r i gh t  ©  Na t i ona l  Academy  o f  Sc iences .  A l l  r i gh t s  rese rved .

S ta tus  and  Fu tu re  Po ten t i a l  o f  C rys ta l l og raphy :   Repo r t  o f  a  Con fe rence
h t tp : / /www.nap .edu /ca ta log .php? reco rd_ id=20315

http://www.nap.edu/catalog.php?record_id=20315


di ffracti on ( TED ) , and t ransmi ss i on e l ectron mi croscopy ( TEM )  studi es of s ur
faces at whi ch corro s i on has ta ken pl ace .  The rol e  of protec t i ve coat i ngs may 
be s tudi ed by exami nation  of i nterd i ffus i on and i ntermeta l l i c phase  forma t i on 
wh i l e  i t  i s  occurri ng , u s i ng both RHEED and x-ray scatteri ng techn i ques , fol 
l owed by subsequent determi nat ion  of the mi crostructure of the bu l k ,  the i nter
face , and the  surface by T EM .  B i omateri a l s are a l ready extens i ve ly  i nvest i gated 
by crysta l l ograph i c methods ( see Chapter 2 ) . TEM studi es of bi oma teri a l  sur
face a rc h i tecture , and x-ray d i ffraction  and RHEED stud i es of the i nterface 
between metal s and po lymers and between hydroxyapat i te and  col l agen , for ex
amp l e ,  prov i de i mportant  i nformation .  Fracture mechan i sms and defec ts can 
be fu ndamenta l ly  i nvest igated by eva l ua t ion  of the l atti ce v i bra tions i n  the 
d i storted or  defect st ructure i n  rel a tion  to the break i ng strengths of crysta l 
l i ne materi a l s :  sel ected area and a noma l ous  x-ray topography a l l ows a d i rect 
survey of defect d i stri but i o ns and , i n  combi na t ion  wi th x-ray l i ne profi l e  
ana lys i s  and other crysta l l og raph i c  techn i ques , s hou l d  be used under the dy
nami c cond i t i ons  l ead i ng to fracture .  

Crysta l lograph i c  contri but i ons to t he fi el d of superconduct i vi ty wou l d  
be parti cul a rl y  val uabl e i f  th e l a tti ce c onstants , the atom i c  arrangements , 
and the phonon spectra coul d be measured over the superconducti ng phase c hange : 
s i ng l e crysta l s  a re necessary for both  e l a st i c  and d i ffuse  x-ray and  neutron 
s cat ter i ng stud ies .  As the search for new su perconductors broadens i nto ter
nary and more comp l ex systems , even c l oser coopera ti on wi l l  become necessa ry 
between crys ta l l og ra phers a nd a l l oy deve l opment spec i a l i st s .  Compos i tes 
and concretes have been peri od i ca l ly  stud i ed crysta l.l ograph i ca l ly , but a 
fresh  exami na t i on of the sepa rate phases i n  concrete , especi a l ly the i r i nter
faces , woul d be va l uab l e. Supera l l oys , i ntended for servi ce above 500° C ,  
are often des i g ned o n  the bas i s of e l ementa ry concepts of the i nfl uence of  
e l ectron-to-atom rat i os on phase s ta bi l i ty : protecti ve su rface-fi lm  behav ior  
at e l evated tempera tures i s  of grea t importance and  shou l d be i nvest i ga ted 
both by el ectron d i ffract ion  and e l ectron mi croscopy methods . 

Cerami c s  and g l a sses wi t h  promi s i ng h i g h -tempera ture properti es , suc h 
as  sol i d  so l uti ons of  n i tr i des and oxi des of s i l i con or  a l umi num ,  need better 
s tructura l characteri zat i o n .  Poss i bl e  corre l a t ions  between i on i c  defects 
( defect-c l usters ) and propert i es s hou l d  be crysta l l og raph i ca l ly stud i ed. Re
cent i nvesti gat i ons of KAl and NaAl s i l i ca te g l a sses have shown that they a re 
es sen ti a l ly  i sostruct ura l to S i 02 g l ass  and that a l l these g l as ses pos sess  
more structura l  order than had been prev i ous ly  reported . Structu ra l order 
ha s a l so been found i n  a number of other g l assy ma teri a l s .  T he  new i n si ghts 
i nto g l a s s  struc ture have i mportant  i mp l i cat ions for g l a s s  research and tech
nol ogy and a l so for geo l ogy and mi nera l ogy. 

T he most press i ng needs i n  new polymer production  are so l utions  of tech
nol og i ca l  probl ems , but cont i nu i ng structure-property i nvest i ga ti ons are es
sent i a l  i f  rea l unders tandi ng i s  to be ach i e ved . T he compl ex i ty of po lymer 
systems ar i ses from thei r compos i te amorphous and crysta l l i ne na ture and de
serves seri ou s a ttent i on by crysta l l ogra p hers i nterested in topo l og i ca l  pro
bl ems . Meta l  process i ng techn i q ues may genera l ly be improved fo l l owi ng pre
ferred ori enta t i on studi es : new tec hn i q ues such as sp l a t  cool i ng produce new 
meta stabl e phases , often wi th unusua l  properti es , wh i ch are best chara cteri zed 
by means o f  x-ray d i ffract i on studi es . 

40 

Copyright © National Academy of Sciences. All rights reserved.

Status and Future Potential of Crystallography:  Report of a Conference
http://www.nap.edu/catalog.php?record_id=20315

http://www.nap.edu/catalog.php?record_id=20315


Cons i derabl e advances a re now bei ng made i n  understandi ng the nature of 
p l ast i cs proces s i ng through  the app l i cati on of  crysta l l og raphy . I n ves t i ga ti on 
requ i res x-ray d i ffract i on , scann i ng and transmi ss i on e l ectron mi croscopy , 
and severa l noncrysta l l ographi c tec hni ques s imu l taneous l y  and has l ed ,  for 
examp l e ,  to improved mode l s  for the mechani ca l p roperti es of spun fi bers under 
vari ous  p roces s i ng condi t ions .  T he fi na l COSMAT hi g h-pri ori ty area , test i ng 
c haracter i zati on and eva l uati on , i s  one i n  wh i ch x-ray d i ffracti on has been 
and w i l l  conti nue to be among the more useful means of nondestructi ve charac
ter i zati on for a l l k i nds of materi a l s  . •  

Two other maj or p ro bl em areas may be suggested that qual i fy as of h i g h  
pri ori ty.  In  cata l ys i s ,  much resea rch i s  a l ready under way to  prov i de a more 
fundamenta l understandi ng . A worthwh i l e  crysta l l og raph i c approach i s  repre
sented by studi es of zeo l i t es ,  for wh i ch i t  i s  pos s i b l e to characteri ze i n  
deta i l the  acti ve surface , the s i tes of mo l ecu l ar a ttachment ,  and the struc
t ura l changes resu l ti ng from adsorpt ion . S i mi l ar stud ies  on other model sys
tems wou l d  be rewardi ng .  I n  the fi e l d  of l ubr ica tion , knowl edge of the struc
tures of numerous materi a l s  that exhi b i t  strong bi ndi ng i n  two d i men s i ons , 
but  weak bi nd i ng i n  the t h i rd may be of ass i s tance i n  the se l ect i on of sol i d
state l ubri cants . Cryst a l l og raph i c  s tudy of the products of wear ,  and the 
characteri zat ion  of wea r surfaces , shoul d a l so be undertaken.  

It  shou l d be noted tha t the COSMAT hi gh-pr iori ty materi a l  areas often 
i nvo l ve po lycrysta l s and po lycrysta l l i ne agg regates , many of wh i ch are c l ear ly  
composi tes , twi ns , and doma i ns of  vari ous k i nds , and  wh i ch are threaded by 
d i s l ocations . T he peri od i ci ti es , i n  one or more d imens i ons , i n  imperfect 
crysta l s a re crysta l l ograph i c fea tures that i nfl uence crystal  growth ,  phase 
tra nsforma t i ons , proces s i ng ,  and many of the phys i ca l  properti es . It  i s  d i f
fi cul t to see how the  propert i es of suc h  crysta l s can be st udi ed wi thout the 
app l i cati on of crysta l l og raph i c  concepts and methods . 

Crysta l lograph i c Materi a l s Research Fronti ers on  Fundamenta l  Properti es 

Severa l major  a reas , some of wh i ch have been d i scussed in the COSMAT 
report,  a re e i ther now becomi ng acti ve or el se appear on t he verge of open i ng 
up and  are ready for new thought and techn i ques . These are now consi dered.  

(a ) In teratomic forces .. chemioal. bonding.. l.attice stabi Zity:  T hese 
top i c s  represent the most fundamenta l of  sc i enti fi c prob l ems-- understand i ng 
the s tab i l i ty of d i fferent substances from fi rst pri nc i p l es .  T he i mportance 
of c rysta l l ography i n  t hi s respect i s  sel f-ev i den t ( 2 ) , but a spec i a l  feature 
of c rysta l s truct ure t hat shou l d become more deve l oped i n  the fu ture i s  t he 
a ccura te i nvest i gati on of  the e l ectron dens i ty di rectly associ a ted wi th chem
i ca l  bond i ng .  

( b ) Phase transitions : Comp l ete structura l  stud i es a t  severa l tempera
tures , pressures , or both , on e i ther s i de of th e phase change are necessa ry 
for fu l l understand i ng of the nature of the trans i t i on .  Thi s ha s been done 
in the case of the a-a transformat ion  i n  quartz and in the ferroel ectri c-para 
e l ectri c trans i t i on i n  l i th i um tan ta l ate . D i ffuse- scatteri ng x-ray and neu
tron s tudi es on  e i t her s i de of phase  changes shou l d  be made to determi ne i f  
phonon condensati on ta kes p l ace and the nature of the i nteract ion  dr i v i ng the 
tran s i t ion . 

( c ) Structure of Ziquids and amorphous so l.ids : Sma l l -ang l e  x-ray and 
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neutron scatter i ng techn i ques are becomi ng i ncreas i ng ly  powerfu l ,  u s i ng new 
rad i a ti on sou rces and new detec tors , i n  studyi ng l i qu i d  struct ure .  T he extended 
x-ray absorpt ion fi ne structure { EXAFS ) tech n i que a ppears of cons i dera bl e po
tenti a l  i mportance i n  amorphous sol i d  structure studi es , because i t  may remove 
ambi g u i t i es i n  the determi na ti on of atomi c arrangement by g i v i ng i nformati on 
about the average coord i nat ion  of i ndi v i dua l atomi c spec i es { 3 ) .  E l ectron 
mi croscopy a l so shows cons i derabl e promi se i n  further app l i cati on to amorphous 
so l i ds .  

{ d )  Surfaaes : I n  addi t i o n  to l ow-energy e l ectron d i ffrac ti on  techn i 
ques , the comb i nati on of in situ ul tra-h i gh-vacuum RHEED and subseq ue nt T EM 
offers an  extremely  u sefu l  approach to the  st udy of many surfa ce or i nterfa c i a l 
phenomena . 

{ e )  one- and T�o-dimensiona L Sys tems : T he recent prepa rati on of  sub
stances  that exh i b i t extreme an i sotrop ies  in the i r properti es {magnet i c ,  el ec
trica l , or superconduct i ve )  ha s k i ndl ed cons i derab l e theoreti ca l and experimen
ta l  i nterest i n  one- and two-d i mens i onal sys tems . T he rema rkabl e fi nd i ng of 
h i g h  meta l l i c conducti v i ty i n  crysta l s  conta i n i ng on ly  organi c mo l ecu l es has 
ra i sed the pos s i b i l i ty of h i gh-temperature Frohl i ch superconduct i v i ty i n  such 
materi a l s .  Equa l l y  i mportant i s  the opportun i ty to expl ore more ful ly  the 
p hys i cs of l ess than t hree d i mens i o ns .  Al ready there are i nd i ca ti on s  t hat 
the effec ts of l ower d imens i ona l i ty ,  part icu l arl y on  co l l ec t i ve mode s ,  are 
d i fferent than be l i eved prev i ous l y .  The l ower d imens i ona l phys i cs may have 
important con sequences to cata l ys i s .  For new a reas such as  th i s ,  c rysta l l o
graphy i s  i mportant i n  severa l ways . F i rst , the understandi ng of an i sotropi c 
phys i ca l  properti es i s  hard l y  poss i bl e  wi t hout a deta i l ed knowl edge of the 
crysta l  structure , i nc l udi ng pos s i b l e  d i sorder and defect d i stri but ion .  T here 
are a l so s pec i a l  effect s ,  such as the Pe i erl • s  di stortion  for one-d i mens i ona l 
systems , wh i ch can be ascerta i ned from di ffuse scatter i ng studi es or from neu
tron i nel a sti c scatteri ng i nvest i gat ions . Crysta l l og raphy i s  expected to be 
of  foremost  importance i n  the e l uc i dati on of  l ower d i mens i ona l i ty effects . 

{ f )  Physiaa L Properties of Po Lymeria MateriaLs : T he de termi na ti on of 
the fundamenta l propert i es of po l ymeri c mol ecu l es from fi rst pr i nc i p l es requ i res 
a much better structura l descri pt i on than i s  now ava i l abl e .  Such stud i es offer 
a major chal l enge to crysta l l ographers , for examp l e , by use of the heavy-a tom 
subst i tut i on method i n  vari ous  l oca ti ons i n  the c ha i n.  

{ g )  Nonequi Librium Sys tems : T here a l ready have been stud i es of  ma ter i 
a l s under severe s hoc k ,  us i ng x-ray di ffracti on , wi th a t i me reso l ut i on of 
l o-9  second .  Th i s acti v i ty i s  i n  i ts i nfancy ,  and further st udi es  shoul d be 
fru i tfu l i n  advanc i ng our knowl edge of nonequ i l i bri um systems . C ha racteri za
t i on of  i ntermed i a te metastab l e struct ures  { Gu i ner-Preston zones , preprec i p
i tates , etc . ) shou l d a l so be made i n  these sys tems. 

{ h )  DynamicaL Theory: X-ray topograph i c  stud i es of defects  have become 
an i mportan t tool i n  research and producti on i n  the semi conductor fi e l d .  
T he unders tandi ng and exten s i on of  th i s  method and , more i mportant ly ,  the 
proper understand i ng of transmi ss i on e l ectron m icroscope i mages awa i ts new 
deve l opments i n  dynami ca l theory .  

Crysta l l ograph i c  Manpower i n  Materi a l s Sci ence 

Some form of crysta l l ography and  di ffracti on  is  taught in  every one of 
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the 57 materi a l s sc i ence departments i n  the  Un ited Sta tes . For the  most part , 
the coursework  i s  l i mi ted i n  scope , both i n  terms of the many aspects of crys
ta l l og raphy tha t  are ava i l ab l e to the ma teri a l s sci enti st  or eng i neer and i n  
terms o f  a so l i d  concep tua l  foundati on. It i s  est imated that reasonably com
p l ete coverage i s  g i ven a t  no more than a dozen schoo l s .  T here ha s been a 
cons i derabl e decl i ne i n t he breadth of  cryst a l l ography taught , i n  favor of 
speci a l i za t i on i n  t he use of  the e l ectron mi croscope ,  and even i n  th i s fi e l d 
educa ti on tends to be superfi ci a l  wi th more emphas i s on sk i l l s and l es s  on 
fundamenta l s .  

However ,  a t  those sc hoo l s  where breadth and depth i n  crysta l l ography 
are cons i dered important for materi a l s  sc ience , the sci ence i s  wel l covered. 
I n  fact ,  i t  appears that these mate ri a l s  sci ence depa rtments are prov i d i ng 
a so l i d  i nterd i sci p l i nary educa ti on i n  crysta l l ography and may we l l  become 
a natura l  home for a broad range of crysta l l og raph i c fi e l ds . T he present trend 
away from a thorough and fundamenta l approach  i s  however proceedi ng much too 
qu i ck ly  and  shou l d  be reversed , for crys ta l l ography i s  st i l l  very much needed 
i n  every aspect of materi a l s  research work . 

I t  i s  d i ff i cu l t to estimate the manpower i n  crystal l ography i n  materi a l s  
sci ence s i nce i t  i s  so much a part o f  the tota l effort both i n  eng i neeri ng 
and i n  research . It  i s  fa i r  to say tha t  every profess iona l  materi a l s  sc i enti st/ 
engi neer a t  one po i n t  or another i n  h i s  career app l i es crysta l l ograph i c  too l s 
or concepts . 
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7 
CONCLUS IONS AND RECOMMENDAT I ONS 

It i s  apparent from the foregoi ng d i scuss i ons that there are many i mpor
tant crys ta l l og raph i c  i nvest i gat ions a t  the forefront of a cons i derabl e vari ety 
of sc i en ti fi c di sc i p l i nes . T herefore , support for sound crysta l l ograph i c pro
grams prov i des  broad a nd effect i ve su pport for sci ence i n  genera l . Knowl edge 
of atomi c arrangements , mo l ecu l ar pack i ng ,  e l ect ron di stri but i ons , and var i ous 
other struc tura l  features form a major  source for mechan i st i c  i ns i ghts , theo
reti ca l  cal c u l a t ions , and the conceptua l contexts i n  wh i c h  sci enti f ic  d i sci 
p l i nes are v i ewed and deve l oped .  

I n  the past decade , the i mprovements i n  struc ture ana lys i s  have been 
extens i ve and rewardi ng. The resul t of th i s  ha s been the st imul ati on of re
search programs di rected toward broader hori zons . As i s  genera l ly the case  
for advances i n  sc i ence , th i s  c i rcumsta nce sho u l d  con ti nue to  preva i l  wi th the 
further i mprovement in ana l yt i ca l  techn i ques . 

Al thoug h the atomi c a rrangements for most  crysta l s of modera te comp l ex
i ty can be fa i rly  readi ly  determi ned , a n umber of them ,  part i cu l arly  noncen
trosymmetri c ones composed so l e ly  of a toms hav i ng approxima te ly equa l atomi c 
numbers--except perhaps for hydrogen--often do not y i e l d  rea d i ly  a nd requ i re 
the pers everance and i ns i g ht of  an exper i enced ana lyst . I f  the samp l es are 
not good s i ng l e  crys ta l s ,  they may g i ve confus i ng or l i m i ted da ta and wou l d 
be comp l etely i nacces s i b l e  to rout i ne ana lys i s .  I n  many i n stances , the crys
ta l s  assoc i a ted wi t h  prob l ems of cons i derabl e importa nce are of th i s  type , 
and such  probl ems can be a ttacked on ly  by the wel l - tra i ned sc i ent i st .  

Proposa l s i n  crysta l l og raph i c  s ubj ects  are hand l ed by vari ous groups  
at  the  Nat i ona l Sc i ence Foundat i on ( NSF ) , e . g . , C hemi stry ,  Materi a l s Sc i ence , 
and Mo l ecu l ar  B i o l ogy.  I t  i s  recommended that  the Founda ti on  ma i n ta i n an  ap
propr i a te mechan i sm for con s i dera tion  of proposa l s  i n  an i nterdi sc i p l i nary 
subj ec t such a s  crysta l l ography .  I t  shou l d be noted tha t crys ta l l og ra phers  
worki ng w ith  b i o l og i ca l  macromo l ecu l es genera l ly  be l i eve that  the i r  grant ap
p l i cati ons are handl ed qu i te sati sfactori ly by the NSF  and  do  not recommend 
that changes be made wi th respect to thei r area. 

Desp i te the fact tha t  crysta l l ography i s  a broad sci enti fi c d i sci pl i ne 
i n  i ts own ri ght ,  i t  ha s a lmost  a l ways found a home i n  U . S .  uni vers i ti es i n  
establ i shed departments such  as c hemi stry ,  bi o l ogy ,  phys i c s , a nd the newer 
ma ter i a l s  sc i ence . Educa t ion i n  crys ta l l ography can benefi t cons i derab ly  from 
an i n terd i sc i p l i nary program encompass i ng these vari ous area s .  T hi s  wou l d  
be a good top i c  for a future i n-depth rev i ew and report. It i s  genera l ly  be
l i eved by th i s committee that a three-year opti on on postdoctora l tra i neesh i ps 
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wou l d  be benefi c i a l . T h i s woul d a fford a much  better opportuni ty for the 
awardee to enhance h i s tra i n i ng a nd make a s i g n i f i can t contri but ion  to h i s 
sc i ence . 

I n another a spect of support , the p roposa l s  of the younger peop l e  i n  
the  f i e l d  mus t  compete , wi t h  some d i sadva ntages , wi th  those of o l der estab� 
l i shed peop l e . I t  i s  recommended that  s peci a l  cons i derat ion  of th i s p robl em 
be i ntroduced i nto the  support ph i l osophy ; the one-year i n i t i a tion  gra nts are 
a hel pfu l  step i n  thi s d i rec tion . 

T he sc i ence of crysta l l ography i s  i nt i mate ly  dependent on deve l opments 
i n  t he fi e l d  of data process i ng and computi ng .  T hi s der i ves from the fact 
that wor kers i n  crysta l l ography are among the maj or users of compu ters , and 
many of the i r  i mportant probl ems i nvo l ve computa tional  demands that curren tl y 
far t ranscend the s ta te of the art .  T herefore , t he advent of  new deve l opments 
in  compu ter t ec hno l ogy and  t he current pl anni ng for the  establ i shment of a 
Na t iona l Resource for Computa tion  i n  Chemi stry a re subj ects of v i t a l  i nterest 
to workers i n  th i s  f i e l d .  Because of the s i gn i fi cance of computing  i n  genera l , 
and the po s s i bl e impa ct of these deve l o pments i n  pa rt i cu l ar ,  a rev i ew of the 
subj ect of crys ta l logra phi c comput i n g  one or two yea rs hence woul d be worth
whi l e  and i s ,  therefore , recommended . 

A spec i a l  po i nt was made i n  C hapter 4 on D i ffraction  P hys i cs concern i ng 
the need to l ook beyond  i mmed i ate appl i ca t i on towa rd the deve l opment of i n stru
mentat i on for tomorrow ' s  sci ence .  Areas where resea rch in t he Uni ted States  
was  not  rece i v i ng s uffi c i ent  encouragement and support were l i s ted.  Some ex
amp l es a re h i g h-power x-ray sources and area detectors , where ma ny of the ear
l i er  advances  or i g i nated i n  Europe. T h i s s ubj ect , a l ong wi th educa tion  and 
comput i ng ,  cou l d benef i t  from a deta i l ed rev i ew. 

Postdoctora l jobs appear to be a va i l ab l e ,  but permanent pos i t i ons wi t h i n  
the  f i e l d  of crys ta l l ography a re current ly  di ffi cu l t  to obta i n .  However , there 
are a number of i nst i tuti ons tha t offer a broad tra i n i ng i n  crysta l l ography 
that  ma kes persons  so tra i ned pr ime cand i dates for pos i t ions i n  other areas .  
T hese areas concern the  many fi e l ds of sc i ence , such a s  compu ter sci ence , whi ch 
are c l ose ly  re l ated to  crysta l l og raphy a nd for wh i ch permanent pos i t i ons  may 
be more read i l y  ava i l ab l e .  T hus , the broad tra i n i ng tha t i s  afforded produces 
sc i ent i sts who a re not restri cted so l e l y  to work i n g  i n  the f i e l d  of crysta l 
l ography .  

I n  terms o f  the many cha l l eng i ng opportun i ti es for new an d powerful  app l i 
cati ons o f  crysta l l og raph i c  and other· d i ffract i on methods and the need for 
profound a nd soph i s t i cated research i nto the extens i on of exi st i ng theory and 
methodo l ogy , the tra i n i ng of manpower conti nues to const i tute an i mportant  
need . Stronger emph as i s  shou l d  be  p l aced on devel opi ng i nnovators ra ther than  
fo l l owers of exi st i ng techn i ques. T he current shortage of  permanent jobs for 
crysta l l ographers i n  no way negates t he need for persons tra i ned to adva nce 
the  state of the sc i ence . 

S i nc e  c rysta l l ography i s  a dynamic  f i e l d  whose prog ress i s  i n t ima te ly 
re l a ted to tha t of  many other sci ent i fi c  f i e l ds ,  an i n c i s i ve eva l uati on of 
i t s  s ta tus a ffords not on ly  an i ns i ght i n to the v i a b i l i ty of crysta l l ograp hi c 
programs but a l so t hat of  a number of a s soci a ted prog rams i n  many other d i sc i 
p l i nes . 

46 

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S t a t u s  a n d  F u t u r e  P o t e n t i a l  o f  C r y s t a l l o g r a p h y :   R e p o r t  o f  a  C o n f e r e n c e
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 2 0 3 1 5

http://www.nap.edu/catalog.php?record_id=20315


T he conference that l ed to t h i s  report ha s been st imu l a ti ng and reward
i ng for those who took part , and s i mi l ar rev i ews of the stat us of crys ta l l o
graphy ,  perhaps a t  i nterva l s of  about  fi ve yea rs , wou l d  be worthwh i l e .  
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Append i x  A 

Ca tegor ie s  of Papers for the 
Tenth  As sembly of the I nterna ti ona l Union of Crysta l l ography 

Amsterdam,  August 1 975  

1 .  Symmetry 

2 .  Methods of struc ture determi nation  

3 .  B i o l og i ca l l y important su bsta nc es 

4 . Struc tures of i norgan ic  compound s  a nd  mi nera l s 

5 .  Meta 1 s a nd  a l l oys 

6. Orga n i c  compound s 

7 .  Orga nometa l l i c and coord i nati on compounds  

B .  Magnet i c  structures 

9 .  Structure o f  amorp hous  a nd parti a l ly  amorp hous  
ma tter 

1 0. I ntra - and i ntermol ec ul ar  i nteraction s  

1 1 .  La tt i ce dynami cs  of non-mo l ecul a r  c rystal s 

1 2 . Pha se tra n s i t ions  

1 3 . Powder d i ffraction  

1 4 .  P hys i ca l  properti es  of mol ecu l ar crysta l s  

1 5 . Mac ro scop i c  descri pt ion  of p hys i c a l  properti es  
of c rysta l s 
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1 6 . Crys ta l g rowt h a nd morpho l ogy 

1 7 . Acc ura te studi es  of el ec tron den s i ty d i s tri bution  a nd 
atomic  parameter 

1 8 .  Appara tu s for d i ffraction  studi e s  

1 9. D i ffrac t ion  theory a nd rel a ted experi ments 

20.  Crysta l defec ts  

21 . Gas  el ec tron d i ffracti on 

22 . Stud i e s  of c rysta l structures by methods other tha n 
d i ffracti on 

23 . Crysta l l ographi c computer appl i cat ions  

24 . Ed uca ti on a nd i nforma ti on i n  crysta l l og raphy 

25 .  Other top i c s  

26. Twi nn i ng a nd pol ytypes 

27 . Textu res 

28.  Chemi ca l  and p hys i ca l  a spec ts of  neu tron d i ffrac tio n  

There a re severa l top i c s  tha t come under a l most a l l o f  the 
ca tegori e s .  For exampl e ,  u nder I tem 25 ,  "Other topi c s , " there 
a re l i sted crysta l l og ra phi c aspects of sol i d  state react i on s ,  
struc ture o f  surfaces ( L EED a nd  RHEED ) ,  e l ectron mi c roscopy 
of mac romo l ecu l es a nd 3-D reconstruct ion  of obj ects , and d i rect  
i ma g i ng by e l ectron m i c roscopy of a tomic  a rrangements . 
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Append i x  8 

QUEST IONNA I RE ON CHEM I CAL CRYSTALLOGRAPHY 

For a number of years , the q uest ion  "Wha t i s  the Fu ture of C rysta l l o
g ra p hy" ha s been d i scu ssed both  pri vatel y among our co l l eagues and more 
formal l y  a t  vari ou s  meet i ng s .  A commi ttee , organi zed by the USA Na t i ona l 
Commi ttee for Crysta l l og ra phy has been sel ec ted and , under the spon sor
sh i p of t he Na ti ona l  Sc i ence Founda ti on ,  wi l l  meet nea r Washi ngton , D . C .  
on Februa ry 1 0  a nd  1 1 ,  1 975 under the cha i rmanshi p of Dr . J .  Karl e to 
d i scuss  th i s quest i on .  

A spec i a l  ta sk  g roup for chemical  crysta l l og raphy ,  cons i st i ng of 
Hel en M .  Berma n , F .  Al bert Co tton , Kei t h  0 .  Hodg son ,  George A .  Jeffrey , 
R i c ha rd E .  Marsh , and la i n  C .  Pa ul ha s  been formed , and thi s g roup woul d 
g rea tly apprec i a te your  response to th i s quest ionna i re .  Some of the 
questi ons  are sea rc hi ng ,  some are bl unt . The g roup bel i e ves t ha t  the 
a nswers to t hese quest ions  can be mean i ngfu l . Reass urance shou l d a l so 
be g i ven tha t  the i nd i v i dua l  responses to the questi onna i res sha l l be 
kept conf i den t i a l  and " not u sed aga i nst you "  i n  a ny fund i ng dec i s i ons  
or  the l i ke . However , it  i s  pos s i bl e  and i ndeed des i rabl e that  the  gen
era l  conc l us i ons  from t he ent i re questi onna i re responses cou l d  be d i s 
tr i bu ted publ i c ly  i n  some fas h i on . An attempt has  been made to  sel ect 
from the ACA membershi p l i st those peopl e tha t  can  be i dent i fi ed as  chem ica l  
crysta l l og raphers a nd as  group ( however tha t  may be def i ned ! ) l eaders . 
However , the quest i onna i re shou l d not be thought of as  conf i dent i al and 
you s hou l d  feel free to d i scuss  i t  wi th  your col l eagues . The quest i onna i re 
ca n be returned wi t h  the send er i dent i fi ed or i f  preferred , a nonymou s l y .  
Deta i l ed a nswers or  comment s on  the questi ons a re wel come . 

F i na l l y ,  i f  peop l e wi s h  to address t hemsel ves to the genera l concern 
of the fu ture of c rysta l l ography or to any parti c u l a r  a spec t of c hemi ca l  
crysta l l ography ,  whether touc hed u pon i n  the quest i onna i re o r  not- -
the task  g roup woul d be v ery happy to rece i ve a l etter from them . The 
questi onna i re a nd a ny l et ters shou l d  be retu rned , not l a ter t ha n  Ja nuary 
1 5 , 1 97 5 ,  to Dr . I .  C .  Pa u l , Noyes C hemi ca l  Laboratory , Uni vers i ty of 
11  1 i no i s  , Ur bana , 1 1  1 i no i s 61 8 01 • 
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Qu esti onna i re on C hemi ca l Crystal l ography 

PL EASE RETURN BY JANUARY 1 5 , 1 97 5  TO 
Dr . I .  C .  Pa u l , Noyes Chemi ca l Laboratory 

Uni vers i ty of I l l i noi s ,  Urba na , I l l i noi s 61 801 

Name { Opt i ona l )  

Address { Opt i ona l ) 

1 .  Are you i n  a { i ) Uni vers i ty 

2 .  Are you 

{ i i ) Resea rc h  I nst i tute or Foundat i o n  
{ i i i ) I ndustr i a l  La b 
{ i v )  Other 

{ i ) i n  cha rge of a g roup 
{ i i ) a member of a g roup ,  but not in cha rge 

{ i i i ) wor k a l one 

If  { i ) or { i i ) -- how l arge i s  the g roup? 

3 . I f  you are i n  c harge of a g roup or i f  you work a l one , do you have 
any d i rec t  federa l  government support , or  state government support? 

If so , from wha t agency? 

Wou l d  you g i ve the ti tl e of your  proj ect? 

In ma ny of the fol l owi ng q uest i ons there may be s i g n i f i cant d i fferences 
between re sponses you wou l d  g i ve a s  an  i nd i vi dual and those you wou l d  g i ve 
for your g roup .  I n  suc h  c ases , both responses woul d be wel comed . 

4 .  What percentage o f  your  researc h  woul d you c l a ss i fy a s  

a )  Crysta l l og ra p hy 
b )  Phy s i c s  
c )  Chemi stry 
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d ) B i o l ogy 
e )  Ma teri a l s Sc i ence 
f )  Other (p l ea se descri be )  

5 .  I f  you do crysta l struc tu res : 

( i )  

( i i )  
( i i i )  

( i v )  

( v ) 

( v i ) 

( v i i ) 

Do you or  does your g roup work ma i nl y  on  mo l ec ul es of mol ec u l a r  
we i ght greater tha n ,  o r  l ess  tha n  5 , 000? 
How many structures do you (or does your g roup ) determi ne per yea r? 
How ma ny of these are : 
a )  O rgan i c but not " bi o l og i cal " 
b )  I norgan i c ,  bu t not " bi o l og i cal " 
c )  Sma l l  mol ecu l es ,  bi o l og i cal 
d )  M i nera l og i ca l  
e )  O ther 
How are your  structu res rel ated to eac h other? Al terna ti vel y , 
wha t c hemi cal , phys i ca l , b io l og i ca l  or mi nera l og i ca l  probl em 
(or  probl ems ) a re you studyi ng?  
Is  some , a nd i f  so , how much , of yo ur t ime ,  or tha t of your 
g roup ,  devoted to servi ce crysta l l ography for col l eagues ? 
a )  How many structures d i d  your  g roup determi ne i n  the peri od 

1 972-73? 
b )  How many o f  these are now publ i shed , a t  l east parti a l l y ,  i n  

refereed j ourna l s? (Consi der Cryst . Struc t .  Comm.  a s  a 
refereed j ourna l , ACA Abstrac ts as  not . ) 

c )  How many of these are publ i s hed i n  ful l ( i . e . ,  wi t h  co
ordi na tes i n  pri nt , and no further publ i ca t i on pl anned ) . 

d )  Do you have any suggest i ons  for c ha nge i n  pu bl i ca t i on of 
c rysta l l og ra phi c resu l ts?  Wha t are they? 

Of the tota l number of struc tures that  you have wanted to i n 
vest i ga te duri ng the past few years , wha t percentage di d you 
a bandon? 

What were t he rea sons for a ba ndon i ng them ( g i ve percentages ) ?  
a )  I nabi l i ty to obta i n  sa ti sfac tory crysta l s  
b )  Loss o r  decay of c rysta l s (or  crysta l ! )  
c )  D i sorder or twi nn i ng 
d )  I n strumenta l fa i l ure 
e )  I nc onven i ent  s pace g roup 
f )  Too many mo l ecu l e s per asymmetri c u n i t  
g )  I nabi l i ty to sol ve structure 
h )  Lo ss  of i nterest 
i )  Lac k of  computi ng f und s  
j )  I nsuffi c i ent  t i me or  personnel 
k )  Other (p l ea se spec i fy )  

6 .  Wha t percentage  o f  your  effort ( i f  there i s  a c l ear  d i sti nc ti o n  be
tween tha t  of  you rsel f a nd your group , pl ea se spec i fy )  i s  devoted to 
methods devel opment? 
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7 .  What percentage of your effort ( i f  there i s  a c l ear  d i st i nc ti on  be
tween tha t  of yoursel f a nd  of your g roup , pl ea se spec i fy )  i s  devoted 
to compu ter programmi ng? 

8 .  Wou l d  you descr i be your resea rc h effort a s  that  of a (combi na t ions , 
percentaqe-wi se , are wel come ) 
a )  Chemi st 
b)  C hemica l  c rysta l l og rapher 
c )  Da ta anal yst 
d )  Computer programmer 
e )  C rysta l l ographi c methodo l og i st 
f )  O ther · 

9 .  a )  How ma ny sc i ent i fic  meet i ngs do you attend per year?  Of whi c h  
soc i et i es ( opt i ona l ) ?  

b )  How ma ny ACA meet i ng s  a year ( on a n  average over the l a st 5 years ) 
do you a ttend ? 

c )  Are you sat i sf i ed wi th the ACA meeti ngs as  a forma t  for chem
i ca l  c rysta l l ography? 

d )  Cou l d  ACA meeti ngs  be i mproved? 
h )  How? 

1 0. How ma ny a nd whi c h  j ourna l s  do you 
a )  Publ i sh i n  
b )  Refer t o  most commonl y i n  your papers 
c )  Buy 
d )  Consul t and read regu l ar ly  ( twi ce  a week ) 
e )  Consu l t and read occ as i ona l l y  (more than  onc e  every 2 months ) 

1 1 . a )  How much money does your  group spend annua l ly i n  comput i ng ? 

b )  How muc h i nterna l " funny"  money ( i . e . , paper money whi ch  i s  trans
ferred wi th i n t he i nst i tut i on ) ?  --

c )  How much rea l , ou ts i de money ( i . e . , from outs i de gra n ts ) ?  

1 2 . a )  How do  you carry out your compu ti ng tasks?  ( I f d i st i nc ti on 
between data process i ng ,  struc ture so l uti on , ref i nement , struc
ture i l l u stra t i on , p l ease  spec i fy )  
( i ) Smal l ,  ded i ca ted c omputer? Type ,  memory s i ze? 

( i i ) La rge  i nst i tuti onal compu ter - batc h  process i n g ?  Type? 
( i i i ) Remote termi na l ?  

( i v )  Other? 
b )  Are you sa ti sf ied  wi th  your present system? I f  not ,  what i s  

your bi ggest gri pe? 

1 3 .  a )  Are you awa re of the proposal s  to organ i ze a Nat i ona l  Resource for 
Computati on i n  C hemi stry?  

b )  Shou l d crysta l l ography be a part of th i s?  
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c )  

1 4 . a )  

b )  

Are you i n  favor o f  one centra l s i te ,  o r  severa l reg i ona l s i te s ?  

What type o f  i n strumenta t i on i s  pri nc i pa l ly  used to col l ect  
data i n  your  l aboratory? 
( i ) Computer - contro l l ed d i ffractometer 

( i i ) Compu ter - control l ed den si tometer 
( i i i ) Au toma ted , bu t not compu ter control l ed ,  d i ffrac tometer 
( i v )  F i l m  methods 

Do you ant i c i pate request i ng substant i a l  money ,  i . e . , grea ter 
t ha n  $40 , 000 , from federal government agenc i e s  for new i n stru
ments in  t he next two years? 

Woul d you g i ve deta i l s?  (�. Is  the new equ i pment to handl e 
i nc rea sed need for struc ture determi nations , a nd therefore wi l l  
be u sed i n  add i t ion  to your  present equ i pment , or i s  i t  to re
pl ace "wornout" equ i pment , or i s  i t  to u pg ra de your fac i l i t i es 
from ,  �· card-control to compu ter control ? )  

1 5 . Are you sati sf i ed wi t h  the " sc i enti fi c v i s i bi l i ty"  of crysta l l og raphers 
a nd crysta l l og raphy? 

Is i t  a )  Too g reat? 
b) J ust r i g ht?  
c )  Too l i ttl e? 

I f  (a ) or (c ) ,  do you ha ve any suggest ions  for cha nge? 

1 6 . Do you bel i eve structures ca n or  shoul d be done commerc i a l l y? 

1 7 . The personal $64 , 000 quest i on : 

Do you a s k  the quest ion  and then grow the c rystal or v i ce-versa 
ho nestl y ,  now? 
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Synops i s of Responses to the 
Quest i onnai re on C hemical Crysta l l ography 

I .  Peopl e Worki ng a t  Un i vers i t i es ( 74 )  

A .  Fu nd i ng Pa tterns 

59  respondees  were funded . Mo st c rysta l l ographers surveyed were study i ng 
i norgan i c  structures funded by the NSF or  bi o-organ i c  structures funded by the 
N I H .  

# of grants 
Resea rc h  Program NSF N I H  Other 

I norgan i c  structures 20 8 6 

O rgan i c  structu res 6 2 1 

B i o-orga n i c  structures 9 1 7  2 

Methods devel opment 2 0 2 

20 peopl e had appl i ed for fund i ng of major equ i pment . 

There were 1 5  u nfunded respondees , 8 of whom work  al one . They most ly  
work on i norga n i c  c oord i nati on compl exes a nd organometal l i c struc tures . F i ve 
c l a imed tha t  there wa s no rel ati onsh i p among the struc tures they studi ed . 
Two d i d  methods resea rc h . 

B .  Servi ce Wo rk 

21 respondees d o  no serv i ce c rysta l l ography ,  6 spend 0- 1 0% of the i r 
time do i ng serv i ce ,  40  spend 1 0-25%,  and 5 spend more than 25% .  There 
wa s no response from t he rest . 

C .  Atti tude toward commerc i a l  c rystal l ography 

Most sa id  they were ba s i ca l l y  i n  favor . S ix  were abso l u tel y oppo sed . 
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Among the reservati ons  expressed were : 

How wou l d  resu l ts  g et publ i shed? 
How would  one be a ss ured of qua l i ty a nd how woul d the compa ny 
dea l  wi t h  spec i a l  probl ems? 
Who pays the b i l l s  a nd how? 

D .  Pu bl i ca tion  

Respondees publ i s h i n  a wi de vari ety of journal s .  Fourteen of those 
who do most l y  i norgan i c  crysta l l ography do not publ i sh i n  Acta Crysta l l ogra 
phi ca , wherea s onl y 7 of those  who study organ i c and bio -orga n i c  compounds  
d id  not publ i s h there. 

E .  NRCC 

Of a l l the respondees , 58 were aware of the proposa l s for the Na ti ona l 
Resource  of Computat ion i n  C hemi stry .  S i x  fel t t ha t  crystal l og raphy shoul d 
not be a part of i t .  Most were i n  fa vor of reg i ona l s i tes . 

I I .  Peopl e Worki ng i n  Government La bs {8 ) 

Average s i z e  of g roup was f i ve .  

A .  Area of resea rc h 

Most were studyi ng b io -organ i c  mol ecu l es .  
Most spend about  20% o f  thei r t i me on methods resea rc h .  

B .  Serv i ce 

4 - 1 0% 
1 - 20% 
3 - 5 0%  

C .  None were opposed to a commerc i a l crysta l l ography center but re
serva t ions  were expressed s im i l ar to those made by the u ni vers i ty peopl e .  

D .  Pu bl i ca tion  

Aga i n , these respondees publ i sh i n  ma ny j ournal s .  However , no one sa i d  
that he or she does not publ i s h i n  Acta Crystal l ograph ica . 

E .  N RCC  

Al l were wel l aware of  the proposal s .  One was oppo sed ,  3 favored reg i ona l  
s i tes , and one favored a centra l  s i te .  

I I I .  Peopl e Worki ng i n  Researc h I nst i tu tes { 5 )  
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Average s i ze. of  g roup - 8 . 
Onl y one c l a i med to do  0 - 1 0% serv i c e .  The rest d i d  none . 
4 were studyi ng b io-organ i c mol ecu l es a nd a l l have  government grant s .  
Al l publ i s h i n  Acta C rysta l l ographi ca . 
One wa s oppo sed to NRC C ;  two were u naware of the propo sa l s . 
One wa s opposed to a commerc i a l  outl et doi ng crystal structu re s .  

I V .  Peopl e Worki ng i n  I ndu stry ( 5 )  

Average  s i ze  of g roup - 2. 
Al l d i d  more t ha n  3 0%  serv i ce .  
3 d i d  i norga n i c/organ i c  structures . 
Al l were aware of the proposed NRCC . Three were i n  favor of them but i n  
genera l u nc erta i n  a s  t o  what rol e c rysta l l ographers sho u l d p l ay .  
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Append i x  C 

QUEST I ONNA IRE  ON TEACH I NG OF CRYSTALLOGRAPHY 

A comm i ttee , organ i zed under the ausp i ces of the USA Nat i ona l Commi ttee 
for Crysta l l ography and sponsored by the Nat ional  Sci ence Founda ti on ha s been 
formed under the Cha i rmansh i p of Dr . J .  Kar l e  to address  the quest i on 11Wha t  
i s  the future of Crysta l l ograp hy? . . . We woul d l i ke to a s k  that you compl ete 
thi s bri ef quest i onna i re i n  order that  we m i g ht better survey the area of 
Teachi ng Crysta l l ography .  

Pl ea se fee l free to add any comments on th i s  questi onna i re o r  any other 
a spects of educat i on i n  crysta l l ogra phy .  The quest i onna i re shou l d  be sen t  to : 

Dr . Ke i th 0 .  Hodgson 
Department of Chemi stry 
Stanford Un i vers i ty 
Stanford , Ca l i forn i a  94305 
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1 .  Teac hi ng of  crysta l l ogra phy a nd structura l determi nati on  at  an  u nder
graduate l evel . 
a )  P l ea se c i rc l e  a l l responses t ha t appl y for eac h of the fo l l owi ng  

u nd ergradua te courses in  your department . 

Course 

el ementa ry 
c hemi stry 

phys i ca l  

l evel of  c rysta l l ography ta ught 
none at a few symmetry a nd d i ffract i on 

a l l resul ts  g roup theory theory 

i norgani c 
( j un i or/ sen i or  l evel ) 

ana l yt i ca l  

b i  oc hemi  stry 

b )  Do you offer a ny l a bs where students u se some method of x-ray d i 
frac ti on?  

No  Yes  ; wh i c h  l a b? ---- --� ------------------

do they u se :  Powder methods __ _ 
S i ng l e  c rysta l camera work ___ _ 

2 . Teac h i ng  on a Graduate Level . 

a )  Do you offer a g raduate l evel course on crystal l ograp hy or methods  
for structure determi na t i on? 

No Yes ---

I f  so , i s  i t : 

Techn i ques or i ented course 
Methodo l ogy and pri nc i p l es_o_r-:-i-en ted course __ _ 
Other ( spec i fy )-------------

b )  How often i s  suc h a course g i ven a nd wha t i s  the average enro l l 
ment?  

Abou t how l arge i s  you r  g raduate student body i n  chemi stry? 
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c )  I s  there a l ab taught e i ther i n  conj uncti on wi t h  the above course 
or  separa te where students  actua l ly  pa rti c i pa te in the structure 
determi na tion?  

If  so , do t he student s actual l y  co l l ect  data and so l ve structures? 

d )  Do you feel there i s  a text whi c h  a dequatel y covers  most of the 
a rea s  you teac h from a modern v i ewpo i nt?  
P l ea se spec i fy t i t l e :  

e )  Have you made u se of computer g ra phi c s  a nd da ta ta bl es to summarize 
resul ts , s how pac ki ng ,  etc . ?  

f )  Any other suggest i ons  or comments? 

Thank  You ! 

Name : 
I n st i tuti o n :  
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Ana lys i s  of the Response s  to 
the Qu est i onna i re on Teach i ng of  Crysta l l og raphy 

I n  an a ttempt to pro be the l evel of teach i ng  of the d i sc i pl i ne 
of c rysta l l ography i n  c hemi stry departments , a survey wa s  prepared 
and sent to t he 38 h i g hest ranked g radua te schoo l s i n  c hemi stry 
i n  t he Roose-Anderson report.  Twenty responses were recei ved , a nd 
these form the ba s i s  for the stati st i ca l  i nformat ion  used i n  thi s 
append i x .  The resu l t s  a re broken down i nto educati on  on the under
g radua te and g radua te l evel s as taught in c hemi stry depa rtments .  
Comments  on  crysta l l og raph ic  educ at ion  in  other departments may be 
found i n  other sec t i on s  of th i s report { e . g . , earth sc i ences , ma ter i 
a l s res�arc h } . 

Und ergraduate 

V i rtua l l y  no i n st i tuti ons  teach  crysta l l og raphy str i c tl y  on 
an u ndergradua te l evel . Most of the major c hemi stry departments  
u se onl y f i na l  structura l resu l ts  i n  i ntroductory courses i n  genera l 
c hemi stry and there wa s l i ttl e evi dence  tha t suc h i nforma ti on wa s  
wi del y  u sed i n  c ourses i n  orga n i c  c hemi stry . I n  a l most no case was 
there evi dence tha t  any i nformation  wa s  g i ven to students  a bo u t  how 
to eva l uate t he rel i a bi l i ty of these resu l t s .  A surpr i s i ng l y  l arge 
number of respon ses i nd i cated tha t  no crysta l l ogra phy { resu l ts or 
otherwi se } wa s taug ht i n  the bi ochemi stry course s .  In  the upper 
d i v i s i on  phys i ca l  c hemi stry and ana l yt i ca l  c hemi stry course , there 
appears to be more d escr i pt i on of d i ffract ion of c rystal s .  Over 
ha l f  { 1 4 }  of t he sc hoo l s i nd i ca ted tha t a powder di ffract ion  exper i 
ment wa s  done i n  conj u nc t i on wi t h  the phys i ca l  c hemi stry l a bo ra tory ,  
wh i l e  on ly  three schoo l s i nd i ca ted tha t s i ngl e crystal {camera } fa 
c i l i t i es were ava i l abl e  for u se i n  course a t  the u nd ergradua te l evel . 
A number of i n st i tuti on s appear to dea l  wi th some a spec ts of symmetry 
{ i nc l ud i ng crysta l l ogra ph i c  symmetry } i n  advanced i norga n i c  chemi s
try courses .  

I t  seems apparent t ha t the maj or u se o f  crysta l l ogra phy i n  most  
u ndergradua te c hemi stry curri cul a i s  s i mp ly  the d i ssem i na ti on of  
certa i n  c rysta l l ograph ic  resul ts . There seems to  ex i st a need for 
more mean i ngful a nd v i sua l  methods of conven i entl y  study ing  a nd d i spl ayi ng  
crysta l l og raphi c resu l ts for l arge numbers of  studen ts .  As an  exampl e ,  
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g raphi ca l  d i spl ay of enzyme- su bstrate compl exes woul d be extremel y 
u seful i n  teac hing s uc h  concepts a t  an  undergraduate l evel . The best 
method for actua l l y teach i ng crysta l l ograph i c  c oncepts to u pper di v i 
s i on u ndergradua tes a ppears to be i n  conj uncti on wi t h  the type of 
gradua te course descri bed i n  the next sec t ion . 

Gradua te 

Al l but one of t he c hemi stry departments  tha t responded i nd i cat-
ed t ha t  a course wa s offered on some aspects of c rysta l l ography at 
the g radua te l evel . Empha s i s seems to fa l l  e i ther on a purel y pri n
c i pl e s a nd resul ts course , or on a course i n  whi c h  pri nc i pl es are 
actua l ly  combi ned wi t h  prac ti ca l  work .  I n  severa l cases  such courses 
were g i ven i n  conj u nc ti on wi t h  earth or ma teri a l s sc i ence departments .  
Al most a l l  departments  ( 2  except i on s } u sed t he text by Stout and J en sen , 
a l tho ug h most peopl e i nd i cated the need for a nother text (Woo l fson 
wa s most frequen t l y  ment i oned } for more t heoret i cal  d i sc uss i on .  

Approx i ma te l y  50% of t he courses offered d i d  not ma ke ava i l a bl e  
a l a bo ra to ry for actua l  structura l  work .  I n  genera l , thi s type of 
course appears to empha s i ze theo ry and met hodo l ogy wi t h  some presen
tati on of  c rystal l ographi c resul ts . Suc h course s s hou l d  serve the 
u seful purpose of ma ki ng stu dents  aware of the poten t i al as wel l a s  
some o f  t he p i tfa l l s  o f  c rysta l l ographi c stud i e s  and provi de some 
i n s i ght to t he i r eva l ua ti on of a str uc ture report .  

The second type of course i s  more comprehens i ve a nd  i s  des i gned 
to prov ide  both theory a nd pract i ce i n  struc ture determi na ti on ;  suc h  
a course i s  offered by seven o f  the respond i ng i nsti tuti on s .  Students  
a re g i ven the  opportuni ty to  co l l ec t data and so l ve new struc tures 
a l though  t he theoret ica l  content  i s  somewha t l imi ted .  Whi l e  the stu 
dent s ga i n  con s i dera bl y more prac t i ca l  exper i enc e ,  there appears  to 
be a trend towa rds  t he 11 bl ac k-box 11 concept . Students  when faced wi th 
u nu sua l cel l s ,  tra n sformation s ,  d i sordered probl ems ,  etc . are ofte n  
l ac ki ng suff i c i ent knowl edge t o  i nterpret or  even recogn i ze the pro
bl em . Perhaps  t he best approach  i s  to a ttempt to  g i ve students  the 
knowl edge to recogn i ze when probl ems ex i s t so tha t i n  the se i n stances 
they may seek t he adv i ce of  a more competent c rysta l l ographer . 

The a l terna ti ve to tra i n i ng students  i n  a forma l prac ti ca l course 
i s  to ha ve them i nteract  on an  i nd i vi d ual ba s i s  wi th  a facu l ty member 
doi ng researc h i n  crysta l l og raphy or , if a va i l a bl e , the department • s  
serv ice  c rysta l l og ra ph i c  operati on . Su c h  an arra ngement ha s  the advantage  
t ha t  the stu dent i s  genera l l y  wor ki ng  on a pro bl em more d i rec tly  rel a ted 
to hi s own resea rc h i nterest s .  

I n  c onc l us i on , i t  appears tha t  most maj or u ni vers i t i es , a l thoug h 
a l most none offer a d eg ree i n  c rysta l l og raphy per �' teach  some form 
of crysta l l ograph i c  cou rse on a g raduate l evel . However , the scope 
of t hese courses i s  not suc h tha t  they can provi de al l the ba ckground 
needed i n  the a reas of d i ffracti on phys i c s , computer sc i ence , l i near 
a l gebra ,  etc . I t  i s  fel t t ha t more empha si s cou l d  probably be pl aced 
on teac hi ng c hemi stry students  how to eva l ua te crysta l l og raphi c  da ta 
i n  the l i g ht of the non -routi ne probl ems whi c h  a re somet i mes encou ntered . 
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More extens i ve u se of computer g raph i c s  and struc tura l i nformation  
retri eva l systems would  hel p c hemi st s u ti l i ze more read i l y and  s i gn i 
f i cantl y the va st  amount of ava i l a bl e  crysta l l ographic  i nforma ti on .  
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Append i x  D 
Synops i s of Computi ng i n  C rysta l l ography 

{ Prepa red by Hel en M .  Berman and Kei th 0 .  Hodgson ) 

The sc i ence of crysta l struc tu re determi nations  depend s hea v i l y  on va r
i ous  a spects  of comput i ng . The crysta l l ographer ' s  need for computi ng may be 
roug hl y bro ken down i nto three task s : 

I Da ta Col l ec ti on 
I I  Struc ture Determi na ti on 
I I I  Struc tu ra l  Compar i son s  and I nformat ion  Retr i eva l 

Ta sk  1 :  Da ta Co l l ec ti on 

I t  i s  now routi ne to u se a m i n i c omputer {u sua l l y a DEC PDP 8 or  
Da ta General Nova 1 200 ha v i ng 4-8 K of core ) to  control the four-c i rc l e 
d i ffractometer.  U s i ng machi ne l anguage rou ti nes , data are u sual l y  pu t 
out  onto magnet i c  tape but cards or paper tape a re other a l terna ti ves . 
Suc h  a system i s  c l earl y  necessary for smooth and rap i d  acqu i s i t i on  
of  prec i se data i n  a l a bora tory where structure determi nati on i s  the 
pr i ma ry o bj ec ti ve . 

Recent l y  two manufac turers { E nraf Non i us and Syntex ) have marketed 
d i ffractometer systems i n  t he USA tha t opera te u nd er FORTRAN IV l a nguage 
rout i nes .  Typi ca l l y ,  these systems requi re a bout  1 6-24 K of core , a 
magnet i c  tape , a 1 . 2-mi l l i on -word d i s k  d ri ve , a nd some 1 / 0  dev i c e  { tota l  
cost  of a bo u t  $85 , 000 ) . The crysta l l og rapher t hu s  ha s  cons i dera bl e 
f l ex i bi l ty i n  p rogram mod i f i ca ti on , and program devel opment i s  grea tl y  
fac i l i ta ted . Wi th the add i t ion  of f l oa ti ng poi nt hardware ,  these systems 
can  provi de t he capac i ty for do i n g  actua l  data reduct ion  a nd process ing  
of  the data a s  we l l  a s  so l v i ng struc tures . 

Another u se of the sma l l  compu ter i s  to dri ve a fi l m  scanner { au to
d en s i tometer ) for au tomated co l l ec tion  of da ta ta ken from f i l m . A f i l m 
c an be ra ster-sca nned a nd processed off l i ne or  actua l l y  sca nned under 
dynami c computer control where t he computer fi rst generates the ori enta
t i on i nformation , i ndexes t he refl ect ions  a u toma ti ca l ly ,  a nd then co l l ects  
the d a ta from the f i l m . These i nteracti ve approaches have made the 
u se of rotat ion  f i l ms an espec i a l ly  a ttrac ti ve method of da ta col l ect ion  
for crysta l s wi t h  l arge u n i t  cel l s . 
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TAS K I I :  STRUCTURE D ETERMI NATI ON 

A .  Ded i c ated Smal l Computer Systems 

Ded i ca ted sma l l  computers c l early offer extens i ve poss i bi l i tes 
for c rysta l l ograp hi c cal cul a ti ons  wi t hi n t he crysta l l ograph i c  l a bora tory .  
Impetus  i n  th i s area ha s been headed by two compani es  ( Enraf-Non i us 
and Syntex ) who have d evel oped and marked commerc i a l  pac kages for struc
ture determinati on .  Other u sers ( suc h as  the CRYSNET projectl ) have 
assembl ed programs spec i fical l y  desi gned for sma l l compu ting  systems . 

A typ ica l smal l computer i nsta l l at ion  consi sts  of :  

1 .2 M.  word 
� 

CPU - Magnetic 
Disk Drive 24K of Core Tape 

----------
Line Printer/ F loating Point TTY 
Plotter Processor 

Ba s i c  cost  About  $70, 000 

Add i t iona l  opt ions  i nc l ude : Second d i s k dr i ve ( $4000 ) 
add i t i ona l core ($2000 per 8K  words ) 
card reader ( $ 7000 ) 

Ma i ntena nce  on t he ba s i c  system wou l d  run a bout $5000 per yea r .  
These systems a re most ly  programmed o n  FORTRAN I V ,  wi t h  the except ion  

of  mac hi ne rou ti nes for Tape I /0 ,  ma tr i x  i nvers i on ,  etc .  
G i ven u nl imi ted t i me ,  t he se comput i ng systems wi l l  ha nd l e probl ems i n  

s i ze cons i dera bl y beyond most packages o n  l arge mac hi nes i n  common academic  
env i ronment s .  Th i s i s  s i mp ly  beca use of t he very effi c i ent u se of  random 
access d i s k  fi l es .  Fu l l -ma tr i x ,  l east  squares ana l ys i s  on u p  to a bout 700 
pa rameters , 200 a toms , and 32 , 000 refl ect ions  can be done .  Typi ca l  execut ion  
t i me for one  cyc l e  of  ful l -ma tr i x ,  l ea st squares refi nement wi t h  20 a toms 
ha nd l ed an i so trop i ca l l y  ( 1 91 vari bl es ) a nd 3 , 000 observat i ons  vary between 
50 a nd 60 mi nutes on the sma l l  computer a s sumi ng tha t fl oa ti ng po i nt hard
wa re i s  ava i l a bl e . As a compa ri son wi t h  execut ion  t i mes on a typ ica l  l arger 
mac hi ne ,  one cyc l e of ful l -ma tr i x  l east  squares refi nement wi t h  1 00 var i a bl es  
a nd 1 000 observa ti on s  takes a bout 1 5  m i nutes on a PDP 1 1 -45  and 3- 7 mi nutes  
on a CDC 6400 . 

Suc h  a m i n i computer can read i l y  servi ce a g roup of 6-1 0 peopl e do i ng 
s tructura l work .  A l arger group wi l l  tend to fl ood the I /0  capa bi l i ty of 
such a sma l l  system .  Con s i deri ng only ma i ntenanc e ,  expendabl e suppl i es ,  

1 )  H .  J . Bernstei n ,  et a l . ,  Second Annua l AEC Sc i ent i f i c  Excha nge meet i ng ,  
Proceed i ng s  of t he-Tec hn i ca l  P rogram , New Yor k ,  1 974 , pp . 1 48-1 58 . 

65  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S t a t u s  a n d  F u t u r e  P o t e n t i a l  o f  C r y s t a l l o g r a p h y :   R e p o r t  o f  a  C o n f e r e n c e
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 2 0 3 1 5

http://www.nap.edu/catalog.php?record_id=20315


and other  mi scel l aneous costs i t  i s  est i mated that an "a verage"  struc tu re 
(wi t h  20 a toms , 3 , 000 refl . }  costs  l ess t han  $400 to sol ve a nd refi ne wi t h  
ani so trop i c  temperature fac tors . 

Ded i cated systems offer severa l  prac t i ca l  adva ntages . P rogram mod i 
f i cation s  are eas i l y  done wi th  d i s k  f i l e  edi t i n g  systems and there i s  no 
need to u se cont i nua l l y  thousand s  of ca rd s .  I /0  a nd turnaround are extremel y 
rapi d i n  the ea rl y stages of structu re sol uti on ( say 30 mi n .  or so 
for a l east squares-Fouri er cycl e i n  the ear ly  s tages  of u s i ng  the heavy 
a tom method } .  Thi s contra sts  s ha rp ly  wi t h  the s l ow turn-arou nd of  many 
campus  cen ters , where t urna round for such a j o b  i s  genera l l y  an overn i g ht 
propos i t i on . The software tha t  i s  s uppl i ed a s  a commerc i a l  produc t i s  
genera l ly  wel l -supported , doc umented , and tested ( u sua l ly  u s i ng a standard 
I UC test struc ture } .  These pac kages are i ntegra ted i n  s uc h  a way tha t a l l 
t he programs access c ommon f i l es , thus maki ng runn i ng of the progtams 
often a tri v i a l ly  ea sy quest i o n .  

A sma l l comput i ng system i s , however , i nadequate i n  a l arge sca l e 
operation  wi t h  20 or more peopl e .  T he s l ow turna bo u t  t i me ,  be i ng hi gh ly  
dependent on ac tua l runn i ng t i me ,  becomes more troubl esome i n  the fi na l  
refi nement sta ges .  I n  addi t ion , servi ce probl ems a re the respons i bi l i ty 
of the c rysta l l ograph i c  l aboratory ( rather than the Un i vers i ty or other 
i n sti tution } .  D i sc d ri ves a nd magneti c  tape u ni t s  tend to crea te the 
most serv ice  pro bl ems .  A va l ua bl e mod i f icat ion  of thi s approac h i s  to  u se 
the mi n i computer a t  l east  i n  part as  a remote termi na l a s  desc ri bed i n  
Sec tion  C .  

B .  Batc h  Mode o n  Large Computers 

Thi s i s  t he type of computi ng mo st c rysta l l ographers u se ,  a l though 
not  a l ways by c ho i ce .  The compu ters u sed for thi s purpo se ha ve a l a rge 
range of core s i ze  and speed . Some u n i vers i ty researc hers ha ve ac cess  to 
very fa st and eff icent  computers such a s  t he CDC 7600, others  must make 
do wi th rathe r  o bso l ete mac hi nes suc h a s  the I BM 7094 . T he l arge compu ter 
i s  g enera l ly  housed i n  a sepa ra te compu ter center a nd opera ted by the 
personnel of t ha t  center.  The programs u sed vary from very streaml i ned 
packages , s uc h  a s  X RAY ' 72 ,  to i nd i v idua l  s ta nd -a l one programs . Eac h u n
i vers i ty ha s a d i fferent acc ount i ng system for c harg i ng for thi s servi c e ,  
and , from t he responses to t he Questi onna i re (Append i x  B ) , i t  i s  very 
d i ffi c ul t to ma ke j udgements  and a s sess the " rea l " cost of computi ng 
in t hi s mode . The advanta ges of thi s type of computi ng are tha t ma i nte
nence of the compu ter i s  done by the personnel of the computer center , 
and often the c harges  i nvol ve i nterna l " paper" money .  The d i savantages 
are t ha t  turnaround i s  often very s l ow becau se the computer i s  overl oaded 
wi t h  student probl ems and many u n i vers i t i es do  not ha ve compu ters  desi gned 
for ha nd l i ng l arge sc i enti f ic  computa ti on s .  

C .  Remote Compu ti ng 

Thi s type of computi ng requ i res  a very " l a rge"  computer at a centra l  
s i te ,  a termi na l , a phone l i ne or  cabl e ,  and a modem. Jobs a re su bmi tted 
t hrough a termi na l a nd transmi tted v i a  t he tel ephone to the centra l s i te .  
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Charac teri st ic s  of the Centra l S i te :  The compu ter at  the centra l si te 
must have t he hardware to accept the remote termi nal i nput  a nd software 
to decode i t .  

Cha rac ter i st i c s  o f  t he Satel l i te S i te : T here must be an 1 /0  dev i ce 
and a modem to modul ate d i g i ta l  data to go over t he ana l og tel ephone l i nes. 
Mi n i ma l l y ,  t hen , th i s can be achi eved wi t h  a tel etype or CRT - an u ni n
tel l i gent termi nal . I n tel l i gent termi nal s wi th  varyi ng capa bi l i tes for 
programmi ng are al so used .  These have 1/ 0 dev ices  suc h as  ca rd readers , 
magnet i c  tape read/wri te  devi ces , and l i ne pr inters . I n  t hi s context , 
i t  s hou l d  be po i nted out  that mi n i computers can  ac t a s  remote termi na l s .  
To ac hi eve t hi s ,  one must have t he correct i nterface and a program to 
s i mu l a te a term i na l . T here are severa l suc h  programs ava i l a bl e . The costs 
i nvo l ved in  remote comput i ng are :  1 )  t he c entral s i te charges are 
hi g hl y  vari a bl e  as  po i n ted out i n  t he prev i o u s  sec t i on ,  2 ) a tel etype 
wi t h  acoust i c  coup l er costs  anywhere from $2- 5 , 000. A commerc i a l  i ntel l i gent 
remote termi na l costs from $20, 000 - $50, 000. To adapt a m i n i computer to 
do remote compu ti ng c ost s about  $4 , 000 , 3 )  the tel ephone cha rges are 
var i a bl e and depend on t he l oca ti on of the central s i te rel a t i ve to the 
termi na l .  Typ ica l ly  i t  takes a u ser a bout 3 m i nutes to submi t a job  whi c h  
may t hen be retr ieved a t  some l a ter ti me .  Jo b retr i eva l  t i me i s ,  of course , 
dependent on  the q uant i ty of outpu t ;  a typ i cal  structure factor l i st i ng 
ta kes  a bo u t  1 0  m i nute s  to retr i eve .  

The advantages of  thi s type of computi ng are  that  the best compu ter 
ava i l a bl e  for a parti c u l a r  type of  ca l c u l a ti on can be accessed so a s  to 
achi eve versa ti l i ty a nd effi c i ency . I n genera l t he turna round ti me i s  
s ho rt .  I f  the remote termi na l  uti l i zed i s  a mi n i computer , the mac hi ne  
i s  freed for  sma l l er ca l cul a t i o n s ,  whi l e  the centra l s i te compu ter i s  
u ti l i zed for " n umber c runc hers . "  An addi ti onal expen se i s  tha t  of the 
tel ephone l i nes  and c al l s . Ano ther probl em commonl y faced by u ni vers i ty 
resea rc hers  i s  t ha t  admi n i strators of  compu ter centers and un i vers i t i es 
a re very re l uctant to see bu si ness move away from t he campus  compu ti ng 
centers . 

TASK I I I : STRUCTURAL COMPARI S I ONS AND I NFORMATION RETRI EVAL 

Compu ters have not been tapped to t hei r fu l l est extent for these tas ks . 
Data on rel evant struc tures  can be retri eved from a centra l f i l e  a nd var i ous 
c ha rac ter i st i c s  ana l yzed . For exampl e ,  the Cambr idge  Data f i l e has recentl y 
been adapted a nd categorized on the PDP-1 0 and sophi st icated access  pro
grams have been wr i tten to retr i eve i mportant structura l  i nforma t i o n .  S imi 
l a r  efforts are be i ng expended for the use of  thi s fi l e on the PDP-1 1 .  More
over graphi cs d i sp l ays a l l ow ready v i sua l i zati on of  str uc tura l  features . 
These d i spl ays c an a l so be i nterfaced to a mi n i computer ; programs are 
currentl y ava i l a bl e  to d i spl ay and man i pu l a te mo l ecu l ar structures .  The 
cost of a g raphi c s  d i spl ay vari es from $1 0, 000 to $40, 000, depend i ng on 
the l evel of s�phi st i ca tion . A s i mpl er d i spl ay , costi ng a bout  $5 , 000, can 
be u sed to do  g ra phi c s  remotel y from a l arge compu ter . 
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Append i x  E 

Drafts of the top i ca l  reports were ma i l ed to many l ead i ng researchers .  A 
number of the correspondents repl i ed i n  deta i l .  I n  a l l cases , the comments were 
ser ious ly  cons i dered a nd ,  i n  genera l , were i ncorporated i nto the report .  T he 
present report ha s benefi ted con s i dera bl y thereby .  The part i c i pa nts  at  the 
meeti ng were j o i ned by Dr . M .  J .  Buerger of the Mas sachusetts I nst i tute of 
Techno l ogy and the Uni vers i ty of Connecti cut a nd Dr . Jenny P. G l usker of the 
I n sti tute for Ca ncer Research , Ph i l adel ph i a .  The i r  contr i buti ons  to the re
ports on Ea rth Sc i ences and B i o l og i ca l  Macromol ecu l es , respecti vely ,  are 
espec i a l l y  appreci a ted . We a l so appreci ate the attendance at the meet i ng of 
D r s .  0 .  W i l l hm Adams , Abraham Cl earfi el d and Wi l l hm T .  Oosterhu h from the 
Na ti ona l Sc i ence Foun dat ion .  A l i st of correspondents for the i nd i v i dua l top
i cs fol l ows : 

B i o l og i ca l  Macromo l ecu l es : 
Dr . Leonard J .  Banasza k  
Department of B i o l og i ca l  Chemi stry 
Wa sh i ng ton Un i vers i ty Med i ca l  School 
St . Lou i s ,  Mi s souri  631 1 0  

Dr . R i chard E .  D i c kerson 
Di v i s i on of Chemi stry and Chemi ca l  Eng i neer i ng 
Ca l i forn i a  I ns ti tute of Techno l ogy 
Pa sadena , Ca l i forn i a 91 1 09 

Dr . Al l en B .  Edmund son 
D i v i s i on of B i o l og i ca l  and Med i ca l  Research 
Argonne Nati ona l  Labo ratory 
Argonne, I l l i no i s  60439 

Dr . Dav i d  E i senberg 
Department of Chemi stry 
Un i ver s i ty of  Cal i forn i a at Los Ange l es 
Los Angel es ,  Ca l i forn i a 90024 
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Dr .  St ephen C .  Harri son 
La boratory of Struct ural Mo l ecu l ar 
B i o l ogy 
Chi l dren • s  Cancer Research Founda t i on 
Boston , Ma ssachusetts 0221 5  

Dr . Joseph Kraut  
Department of  C hemi stry 
Un i vers i ty of Ca l i forn i a a t  San D i ego 
La Jo l l a , Ca l i forn i a  92037 

Dr. Robert H .  Krets i nger 
Department of B i o l ogy 
Un i ver s i ty of V i rg i ni a  
Char l ottesv i l l e ,  V i rg i n i a 2 2204 

Dr.  Robert Langr i dg e  
Department o f  B iochemi ca l  Sc i ences 
Pr i nceton Un i vers i ty 
Pr i nceton , New Jersey 08540 

Dr . W i l l i am N .  L i pscomb 
Department of C hemi stry 
Harvard Uni vers i ty 
Cambr i dge , Ma ssachusetts 021 39 

Dr . Warner E .  Love 
Department of B i ophys i cs 
T he Johns Hopk i ns Uni vers i ty 
Ba l ti more , Maryl and  2 1 2 1 8  

Dr . Bar bara W .  Low 
Departmen t of B i ochem i stry 
Co l l ege  of P hys i c i ans  and Surgeons 
Co l umb i a  Un i vers i ty 
New Yor k ,  New York 1 0032 

Dr . Martha L .  Ludwi g 
B i ophys i cs  Research Di v i s i on 
Un i ver s i ty of M i ch i gan 
An n Arbor , M i chi gan 481 04 

Dr . F. Scott Mathews 

Dr .  Roberto J . Pol j a k  
Department o f  B iophy s i c s  
The Johns  Hop k i n s  Un i vers i ty 
School of Med i c i ne 
Ba l t imore , Maryl and 2 1 205 

Dr . Al exander R i ch 
Department of B i ol ogy 
Ma ssachu setts  I n st i tute of Techno l ogy 
Cambr i dge , Mas sach usetts 02 1 39 

Dr.  F .  M .  R ic hards 
Dept . of Mol ecu l ar  B iophysi c s  and 

B i ochemi stry 
Yal e Uni vers i ty 
Box 1 937 Ya l e  Stat ion  
New Haven , Connect i cut  06520 

Dr.  Dav i d  C .  R ichardson  
Departmen t of  B i ochemi stry 
Du ke Un i ver s i ty 
Durham, North Caro l i na 27706 

Dr.  M i c hael  G.  Rossman 
Depar tment of  B i ol og i ca l  Sc i ences 
Purdue Un i ver s i ty 
Lafayette , I nd iana 46207 

Dr . Rag hupathy Sarma 
Depar tment of B i ochemi stry 
State Uni ver s i ty of New Yor k 
Stoney Brook ,  New Yor k 1 1 790 

Dr . Benno P .  Schoenborn 
Departmen t  of B i o l ogy 
Brookhaven Nat iona l  Laborator i es 
Upton , Long I s l a nd ,  New Yor k 1 1 973  

Dr . Henry M .  Sobel l  
Department of Chemi stry 
The Un i vers ity of Rochester 
Rochester,  New Yor k 1 4627 

Department of  Phys i o l ogy and  B iophys i cs Dr . Robert M .  Stroud 
Wa shi ngton Un i vers i ty Med i ca l  Schoo l Departmen t of Chemi stry 
St . Lou i s ,  M i ssouri 631 1 0  Ca l i forn i a  I n s t i tute o f  Techno l ogy 

Pa sadena , Cal i forni a 91 1 09 
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Dr.  A .  T u l  i ns ky 
Department of Chemi stry 
M i ch i ga n  State Un i versi ty 
Ea st Lans i ng ,  M i ch i ga n  48823 

Dr . Haro l d w .  Wyckoff 
Department of Mo l ecu l ar  B iophys i cs 

and  B i ochemi stry 
Ya l e  Uni vers i ty 
New Haven , Connect i cut 06520 

Dr . N .  Xuong 
Department of Chemi stry 
Un i vers i ty of  Ca l i forn i a , San Di ego 
La Jo l l a ,  Ca l i forni a 92037 
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