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CIORPHOLOGY ENGINEERING OF O R G A N I C  CRYSTALS WITH 
THE ASSISTANCE OF "TAILOR-MADE" GROWTH INHIBITORS 

L.  ADDADI Z. BERKOVITCH-YELLIN, I .  WEISSBUCH, 
IY. LAHAV and L .  LEISEROWITZ. 
Oept. of Structural Chemistry, The Weizmann 
I n s t i t u t e  of Science, Rehovot, 76100, I s r a e l .  

Abstract 
i n  the presence of additives i n  solution has been 
investigated i n  terms of t h e i r  crystal  s t ructures  
and the stereochemistry of the additives.  A simple 
correlation has been established between affected 
directions of growth and s t ruc ture  of the addi t ive.  
This mecnanism has been successfully applied f o r  
monitoring, i n  a controlled manner, the morphology 
of organic c rys ta l s ;  this i s  i l l u s t r a t e d  f o r  benzamides 
and benzoic acids. Furthermore, the absolute configura- 
tion of polar crystals  and chiral  molecules has been 
d i rec t ly  assigned. This i s  i l l u s t r a t e d  for  the polar 
crystal  of tpcinnamoyl alanine,  and f o r  the molecule 
of threonine, th rough  morphological changes this 
molecule induces i n  the centrosymmetric crystal  of 
serine.  

Retardation of growth of organic c rys ta l s  
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2 L. ADDADI e? al. 

IN TRODU CT I ON 

Impurities present even i n  minute amounts i n  systems 
undergoing crystal  1 isat ion frequently cause pronounced 
retardation in the growth of the crys ta l s .  Furthermore, 
tne overall morphology of c rys ta l s  grown i n  the presence 
of impurity may d i f f e r  dramatically from t h a t  of the pure 
material. 

Recently, we systematically analysed the stereochemical 
correlation between the crystal  s t ruc ture ,  including 
morphology, of the compound undergoing crystal1 i s a t i o n ,  
and the stereochemistry of the added impurit ies.  As a 
r e s u l t  of the understanding developed, we were able to  
induce controlled changes of the morphologies of a large 
variety of crystals  of d i f fe ren t  molecular s t ructures .  4-8 

I t  was 
resol u t  
control 
organic 
of chir 

urther possible t o  improve processes such as 
on of enantiomers by crystal l isat ion ' ,  and t o  
systematically the r a t e  and mode of dissolution of 
crysta1s.l' In addition, the absolute configuration 
1 molecules was d i rec t lv  derived from controlled 

I 

morphol ogi cal changes. 6s11  
discussed i n  the present lecture .  

Some of these principles are  

DESIGN OF CRYSTALS WITH DESIRED MORPHOLOGIES 
The stereochemical correlation which has been established 
between the molecular s t ructure  o f  the impurity, the 
crystal  s t ruc ture  of the substrate  and the affected growth 
directions led t o  the formulation of  a two-step mechanism 
of s tereospecif ic  b i n d i n g  of the impurity a t  the growing 
crystal  faces w i t h  a subsequent retardation of growth. 
Sl ignt ly  modified substrate  molecules were found t o  be 
par t icular ly  effect ive i n  inducing morphological changes. 

5 36 9 7  
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MORPHOLOGY ENGINEERING OF ORGANIC CRYSTALS 3 

By v i r t u e  of a t t r a c t i v e  i n t e r a c t i o n s  (e.g. i o n i c  and/or 
hydrogen bonds), the  unmodif ied moiety ( w i t h  respec t  t o  the 

subst rate)  of the i m p u r i t y  i s  bound a t  t he  s i t e  o f  a 
subs t ra te  molecule on appropr ia te  growing sur faces o f  the  

c r y s t a l  such t h a t  the  mod i f ied  p a r t  o f  the i m p u r i t y  
molecule i s  main ly  d i r e c t e d  away from the  c r y s t a l  sur faces.  
The mod i f ied  s ide  chain then per tu rbs  the regu la r  
depos i t ion  o f  add i t i ona l  layers  Jecreasing the  r a t e  o f  

growth o f  the c r y s t a l  i n  these d i r e c t i o n s ,  r e l a t i v e  t o  
the  ra tes  i n  o ther  d i r e c t i o n s  which are unaf fected.  This 

mod i f i ca t i on  of r e l a t i v e  growth ra tes  even tua l l y  r e s u l t s  
i n  changes i n  c r y s t a l  morphology. Applying these p r i n c i p l e s  

i t  became poss ib le  t o  grow c r y s t a l s  w i t h  des i red  morpholo- 
g ies  by " t a i l o r i n g "  re ta rders  which b ind  a t  a preselected 

face and thus i n h i b i t  growth i n  a p red ic tab le  manner. The 

e f f e c t  o f  o tner  f a c t o r s  such as temperature, so lvent  and 
supersaturat ion,  which i n f l uence  c r y s t a l  growth and 

morpnology, i s  kept  constant  by performing a l l  the  
c r y s t a l  1 i s a t i o n  experiments under standard cond i t ions  , 
b u t  f o r  the na ture  and concentrat ion of impur i t y .  We s h a l l  
i l l u s t r a t e  t h i s  approach f o r  benzamides and benzoic ac ids.  

p l a t e - l i k e  c r y s t a l s  elongated along b_, d isp lay ing  dominant 

faces {UOl} 1011) and { l O T }  (F ig . i ,Za) . In  the  c r y s t a l  of 
benzamide hydrogen bonded c y c l i c  dimers are i n t e r 1  inked 
v i a  NH ... 0 bonds along a 58 - b ax i s  t o  form the  commonly 
observed r ibbon m o t i f .  The r ibbons are  stacked a long t h e  

5.6a 5 ax is  t o  y i e l d  { O l l }  l ayers  s t a b i l i s e d  by a t t r a c t i v e  
Coulomb in te rac t i ons .  I n  the t h i r d  d i r e c t i o n  I001 } l aye rs  

juxtapose 

groups 

7Y8 

Benzamide c r y s t a l l i s e s  from ethanol i n  the  form of 

weak van der daals contacts  between phenyl 
thus accounting f o r  the 1001 1 p la te -1  i ke nature  
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4 L. ADDADI et al. 

o f  the c rys ta l .  I n  the  l i g h t  o f  t he  above c o r r e l a t i o n  between 

the  c r y s t a l  s t r u c t u r e  and morphology of benzamide, i t  was 
poss ib le  t o  choose i m p u r i t i e s  which s p e c i f i c a l l y  modi fy  the 

r e l a t i v e  ra tes  o f  growth along the  th ree  p r i n c i p a l  
d i rec t i ons :  re ta rda t i on  o f  growth p r i m a r i l y  along the  b- 
ax is  was achieved by c r y s t a l l i s i n g  i n  presence o f  benzoic 

a c i d  as impur i ty .  S u b s t i t u t i o n  o f  a benzamide molecule by 
one o f  benzoic a c i d  (which adopts the commonly observed sLn 
p lanar  O=C-OH conformation) r e s u l t s  i n  replacement o f  an 
11-H bond o f  the amide by " lone p a i r "  e lec t rons  o f  the  

hyaroxyl oxygen atom o f  the ac id ,  and thus replacement o f  
an a t t r a c t i v e  NH...O bond by a repu ls i ve  O...O i n t e r a c t i o n .  

This induces tne c r y s t a l s  t o  grow as bars extended a long 

- a. (F ig .  2b). Fur ther  suppor t  f o r  t h i s  mechanism was 
obtained by atoiII-atom p o t e n t i a l  energy ca l cu la t i ons ,  8 

b 

FIGURE 1. Packing ar 
a )  along 

a 

:rangernent of  benzamide viewed: 
t h e  a a x i s ;  b )  along t h e  b a x i s .  
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MORPHOLOGY ENGINEERING OF ORGANIC CRYSTALS 5 

FIGURE 2. Crysta ls  o f  benzamide: a) pure; 

b )  c r y s t a l l i  sed i n  the  presence o f  i nc reas ing  
amounts ( f rom bottom t o  top) o f  benzoic acid; 

c) o f  - o-toluamide; d) o f  p t o l u a m i d e .  

Retardat ion o f  growth along the  a ax is  was achieved 
by adding small amounts o f  the heav i l y  tw is ted  molecule o f  

- o-toluamide t o  the mother so lu t i on .  This induces c r y s t a l l i -  
s a t i o n  i n  tne  form o f  oars extended a long t h e  b_ a x i s  (Fig.2c). 

F i n a l l y ,  as expected, t h inne r  and th inne r  p la tes  were 
obta ined by adding inc reas ing  amounts o f  p t o l u a m i d e  whose 

methyl suDsti  tuent  per turbs the  regu la r  depos i t ion  o f  
(001) along the  2 - d i r e c t i o n  (F ig .2d) .  

I n  tne  benzamide/benzoic a c i d  system we have considered 

the  e f f e c t  o f  impur i t y  i n  which an hydrogen atom i s  rep laced 
by tne  lone p a i r  o f  oxygen. The inverse  e f f e c t  was s tud ied  

i n  c r y s t a l l i s a t i o n  o f  benzoic ac id  i n  the  presence of 
benzamide as impur i ty .  Benzoic a c i d  c r y s t a l l i s e s  from 

ethanol i n  the  form o f  p la tes  elongated i n  the b - d i r e c t i o n  
(Fig.4a). The general fea tures  o f  the  c r y s t a l  h a b i t  may be 
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6 L. ADDADI et nl. 

understood i n  terms o f  molecular packing; the molecules 

form almost coplanar nydrogen-bonded dimers which a re  
stacked along tne  5.1 R b-ax is .  These dimers,in tu rn ,  

form an almost coplanar r ibbon m o t i f  along t h i s  ax is  
(Fig.3). Tne combined r ibbon and stack m o t i f  generate 

(001) layers  whicn are juxtaposed by weak van der Waals 
forces lead ing  t o  p l a t e - l i k e  c r y s t a l s .  

1 

FIGURE 3. Stereoscopic view o f  t he  packing arrangement 
o f  benzoic a c i d  a long the & a x i s .  

In t roduc ing  benzamide as impur i t y  a f f e c t e d  the  
c r y s t a l s  as snown i n  F ig .  4b i n h i b i t i n g  growth along the 

s tack ax is .  The e f f e c t  i s  expla ined i n  terms o f  the t w i s t  
o f  14' between the phenyl and amide moiety i n  the benza- 

mide molecule, owing t o  the  repu ls ion  between the o r tho  
and amide hydrogen atoms. S u b s t i t u t i o n  o f  a p lanar  

benzoic ac id ,  w i t h  tw is ted  benzamide d i s tu rbs  the 
depos i t ion  o f  benzoic a c i d  dimers along the  s tack ax i s .  

This i s  supported by the observat ion t h a t  the p lanar  
p i  co l  i neami de ( o - p y r i d i  ne benzami de) ( F i g  .4c) does 

i n n i o i t  growth along the b-ax is .  
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MORPHOLOGY ENGINEERING OF ORGANIC CRYSTALS 

FIGURE 4. C r y s t a l s  o f  benzoic  a c i d ;  a) pure; 

b )  c r y s t a l l i s e d  i n  t h e  presence o f  benzarnide; 

c)  c r y s t a l l i s e d  i n  t h e  presence o f  p i c o l i n e a m i d e  

ivlodell i n g  I m p u r i t y  E f f e c t s  i n  t h e  Growth o f  P o l a r  C r y s t a l s  
F u r t h e r  i n s i g h t  i n t o  t h e  mechanism of a d s o r p t i o n  of t h e  

i m p u r i t y  and r e t a r d a t i o n  o f  growth may be o b t a i n e d  by t h e  
s tudy  o f  t h e  e f f e c t  o f  " t a i l o r -made"  growth i n h i b i t o r s  on 

c h i r a l  c r y s t a l s  possessing a p o l a r  a x i s .  
Scheme 1 desc r ibes  t h e  s t r u c t u r e  o f  such a c r y s t a l ,  

b e l o n g i n g  t o  space group P21. The unique a x i s  o f  t h e  c r y s t a l  
i s  para1 l e l  t o  t n e  a x i s  o f  t n e  ino lecule X-A.  Faces f l  and 
f 2  a e l i n e a t e  t h e  c r y s t a l  i n  t h e  p o l a r  t& d i r e c t i o n ,  and 

f3, f4 ,  f 5  i n  t n e  -0 d i r e c t i o n .  Tile faces w i t h i n  eacn p a i r  
( f l ,  f 2  and f 3 , f i i )  a r e  nomotopic s i n c e  t h e y  a r e  r e l a t e d  b y  
2 - f o l d  symmetry. Tile p o l a r i t y  o f  t n e  c r y s t a l  p rec ludes  a 

symmetry r e l a t i o n s h i p  oetween t h e  to and -b d i r e c t i o n s .  

6,13 
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8 L. ADDADI er al. 

rajactad 
8ccepted 

8ccaptad Z- x--A X-A [ia:ted 

SCHEXE 1. 

i3y application of the two-step mechanism of 
adsorption-inhibi t ion described above, an impuri ty  X-Y 

will o i n d  select ively a t  faces f l  and f ? ,  and once bound 
will retard growth along +k and possibly other direct ions,  
b u t  not along -b, i n  the crystal  of Scheme 1 .  The same 
logic applies t o  an impurity Z-A, whicn wil l  hinder the 
growtn o f  faces f3 ,  f4  and f 5  b u t  n o t  of f l  and f 2 .  Such 
retardation wil l  oe associated either w i t h  an increase i n  
tne areas of tne innibited faces w i t h  respect t o  the 
unaffectea ones or w i t n  the appearance of new faces on the 
affected s ide of tne crys ta l .  I t  should consequently be 
possible to  determine on which of the polar faces tile 
impurity nas been adsorbed, and thus t o  assign d i rec t ly  
tne absolute configuration of the c rys ta l .  These 
requirements are  mot DY a number of polar c r y s t a l s ,  among 
wnicn are  those of sucrose, which have drawn an increasing 
amount of a t tent ion o f  the sugar technologists.  

We shall  i l l u s t r a t e  tne method nere for  the case of 
- t r -c i  nnamoyl a1 ani ne. Enanti omeri cal ly  pure @-cinnamoyl- 

15,16 

A numer o f  systems have Deen studied by our group. D
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MORPHOLOGY ENGINEERING OF ORGANIC CRYSTALS 9 

(5 ) -a lan ine  c r y s t a l l i s e s  i n  po la r  c r y s t a l s  (Space group 

PL1). According t o  the  packing arrangement o f  t he  c r y s t a l  

a l l  OH groups o f  the a c i d  form ti bonds w i t h  a major compo- 

nent  along -b whereas the  C(chira1)-H bond i s  d i r e c t e d  

along the +b d i r e c t i o n .  The o r i e n t a t i o n  o f  the  molecules 

w i t h  respect  t o  the c r y s t a l  faces i n  the pure c r y s t a l  a re  

depic ted i n  F ig .  5. We expect, according t o  the  above 

FIGURE 5 ,  Packing arrangement of t r -c innamoyl {S)-a lan ine - 
viewed a1 ong the a ax is ,  as del inea ted  by the  

faces of pure c r y s t a l s  grown from ethanol .  
- 

ana lys is ,  t h a t  the methyl es te r  o f  the a c i d  w i l l  decrease 
tne growth r a t e  i n  the -b d i r e c t i o n .  By the  same reasoning 

growth should be i n h i b i t e d  along the  opposi te  d i r e c t i o n ,  
+o , us i ng tr- c i  nnamoyl- ( R) -a1 ani  ne o r  t r - c i  nnamoy 1 - ( R) - 
ser ine  as the  impur i ty .  As expected, the  most pronounced 

cnange i nducea by the methyl es te r  o f  t r - c i  nnamoyl-( S)  - 

- - - 

- 
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10 L. ADDADI et a / .  

alanine i s  the l a r g e  increase i n  the  areas o f  t n e  symmetry 
r e l a t e d  (171) and ( 7 7 7 )  faces, s ince  the (carboxy l )  O-H...O 
(amide) H-bonds are almost perpendicu lar  t o  these faces. 
Conversely, the  impuri ty 2 - c i  nnamoyl-( R) -a1 an i  ne induces 

forniat ion o f  the  (010) face as shown i n  f i g .  6 as a r e s u l t  
o f  i n h i u i t i o n  o f  growtn along +g. 

FIGURE 6. Cinnamoyl-($)-alanine c rys ta l s .  ( I )  Photographs 

(11) Computer drawn p i c tu res  
a) pure; 0) grown i n  the  presence o f  the 
methyl es te r ,  c)  grown i n  the  presence o f  
cinnamoyl-( K)-a1 anine. 

Froln t i m e  ciianges tne o r i e n t a t i o n  o f  tne  - tr-cinnamoyl 

a lan ine  molecule w i t i i  respect  t o  tne  - b ax is  i s  assigned, 
tnus f i x i n g  IrndinJiyuously the aosolute conf igura t ion  o f  tne 
trrolecule. T n i s  i n fo rmat ion  cannot oe obta ined by X-ray 
d i f f r a c t i o n ,  unless tne  t3 i jvoet  method o f  anomalous 

a ispers ion  i s  appl ied.  
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MORPHOLOGY ENGINEERING OF ORGANIC CRYSTALS I I  

Assignment of tne Absolute Configuration of Chiral Molecules 

Tne above method o f  determining absolute configuration i s  
not limited t o  polar c rys ta l s  b u t  i s  applicable as  well t o  
cniral  molecules, wiiich induce morphological changes i n  
acnirill crystals  composed o f  racemic mixtures o r  meso 
compounds.” The method i s  based on the f a c t  t h a t ,  i n  
contradistinction t o  chi ral c rys ta l s  , in centrcsymmetric 
ones tne orientations o f  the const i tuent  molecules with 
respect t o  the crystal  axes are  unambiguously assigned. 
This known orientation of the enantiomers in such crys ta l s  
can be d i rec t ly  exploited for the assignment of the 
absolute configuration of chiral  resolved molecules 
provided tne structural  information i s  transferred to  a 
chiral  resolved impurity molecule. The absolute configura- 
t ion of such resolved impurities is Jetermined through the 
morphological changes the impurity molecules induce 
select ively on the enantiotopic faces o f  appropriately 
selected c rys ta l s .  A prerequis i te  f o r  application of t h i s  
method i s  tna t  w i t h i n  the centro-symmetric racemic crystal  
a specif ic  functional group attached to  an R molecule will  
Doint towards the face f l  b u t  not towards fT (Scheme 2) .  

ACCEPTED 
ACCEPTED 

+ REJECTED 

SCHEKE 2 -b  
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12 L. ADDADI et al. 

By symmetry, the same functional group attached t o  an ( S )  

molecule will emerge a t  the enantiotopic face (hkT) ,  b u t  
not a t  ( h k l ) .  I t  is  useful here t o  regard centrosymmetric 
crystals  containing chiral  molecules as  enantiopolar, 
namely comprising two enantiomeric s e t s  of intermeshed 
polar crystal  s t ructures  re la ted t o  each other  by a centre 
o f  inversion. Crystal l isat ion o f  such a compound i n  the 
presence o f  a chiral  addi t ive ( R ' ) ,  appropriately designed 
so tha t  i t  will f i t  i n  the s i t e  of an (R) molecule on the 
growing crystal  faces f l  o r  f 2 ,  b u t  n o t  on the enantio- 
topic faces fT or  f z ,  will  hinder growth along the +b 
direction b u t  not along -b. By virtue o f  symmetry, the 
enantiomeric additive (S') will  i n h i b i t  growth o f  faces 
f T  and f z ,  while racemic ( R ' ) ( S ' )  will  i n h i b i t  growth along 
b o t h  directions ti and -b. 

absolute configurations of a l l  the a-amino-acids through 
morphological changes they induce on a growing s ingle  
crystal  of a-glycine.12 Here we shall  ra ther  i l l u s t r a t e  i t s  
application t o  the system threonine/serine. Racemic serine 
crys ta l l i ses  i n  an appropriate molecular packing, space 
group P21/a (Fig. 7 ) .  Both C-H bond vectors of the r i g i d  
methylene group of ser ine have major components along the 
unique b-axis. Thus replacement o f  one o f  them by a methyl 
(as  i n  threonine) will  i n h i b i t  growth along the b- 
direction. In an (R)-Thr  molecule [ w i t h  the side-chain B 

carbon o f  chiral  i ty (S ) ] ,  the  methyl group w i  11 replace 
the pro-(S) hydrogen atom o f  (R)-Ser so as t o  i n h i b i t  
growth along tb. By symmetry the -CH3 group of (S) T h r  
will replace the pro-(R) hydrogen o f  (S)  Ser and hence 
inh ib i t  growth along -b. 

Using t h i s  principle we succeeded i n  determining the 
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MORPHOLOGY ENGINEERING OF ORGANIC CRYSTALS 13 

FIGURE 7 .  Stereoscopic view of the packing of ( R ) ( S )  

ser ine along the 3 axis .  Molecules a re  packed 
i n  b,c layers which a r e  homochiral. For c l a r i t y  
only half of each ( R )  (open c i r c l e s )  and( S )  
( f u l l  c i r c l e s )  layer is shown, delineated by 
the four {Oll)  crystal  faces. Threonine 
impurity molecules ( w i t h  the -CH3 group  
indicated by large c i r c l e s ) ,  are  inserted 
s tereospecif ical ly .  

- -  

(K,S)-Ser forms tabular c rys ta l s ,  w i t n  
symmetry 2/m (Fig.8a) ;  the crystals  affected by e i t h e r  
( K ) - T n r  or ( S ) - T h r  exhibi t  reduced morphological symmetry 
2 ( the  mirror plane i s  l o s t )  and are  enantiomorphous 
(Fig.8b,c).  ( R ) ( S ) - T h r  as impurity leaves the morphological 
symmetry uncnanged a t  2/m, as a r e s u l t  o f  a combination o f  

the e f fec ts  induced by each impurity separately,  t u r n i n g  

point 
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a 

L. ADDADI ef af. 

h C d 

A ri 

FIGURE 8. Crys ta ls  o f  (R,S)  ser ine,  ( I )  photographs 

(11) computer drawn p i c t u r e  ; a) pure 
and grown i n  the  presence o f :  b) ( R )  threonine; 
c) ( S )  threonine; d) ( R )  ,(S) threonine.  

the c rys ta l s  i n t o  rhombs (F ig .  8d). The morphologi cal 

cnanges, and our  i n t e r p r e t a t i o n  thereo f ,  imply  t h a t  i n  t h i s  
l a s t  experiment ( R )  ,(S)-Thr must segregate along the  b-ax is  

dur ing  c r y s t a l  growth; occluded (R)-Thr w i l l  p r e v a i l  a t  
the t b  - h a l f  o f  the c r y s t a l  , whereas (S)-Thr w i l l  p r e v a i l  

a t  tne -12. h a l f  o f  the c r y s t a l .  Th is  expectat ion was con- 
f i rmed exper imenta l ly  by HPLC analyses o f  t i p s  o f  se r ine  
c r y s t a l s  which were taken from t h e  two ends o f  the  p o l a r  

- D-axis (Fig.Y). D
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MORPHOLOGY ENGINEERING OF ORGANIC CRYSTALS 15 

a 
'9TW 

(: 
b 

F1GUP.E 9.  Chromatographic a n a l y s i s  o f  (R.) and (S) 
threonine occluded i n  the rhomb-li ke c r y s t a l s  
of ( R )  ,(S) ser ine:  a )  t i p  of the crystal  
from 'me t b  - direct ion;  b )  t i p  of the same 
crystal from tne -b - direct ion;  c )  whole 
crystal .  The small amounts of ( R )  ,(S) ser ine 
are residual from the previous separation of 
ser ine from threonine. 

Concl udi n q  Remarks 
A simple correlation between crystal  s t ructure ,  crystal  
morphology and impurities present during the crystal1 i sa t ion  
of organic compounds has been established. We described 
here some applications of t h i s  mechanism such as  the design 
of crystals  with desired morphologies, and a new method 
f o r  the d i r e c t  assignment o f  the absolute configuration of 
chiral  crystals  and molecules. In addition we have 
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16 L. ADDADI er al. 

success fu l l y  a p p l i e d  trie method t o  t h e  k i n e t i c  r e s o l u t i o n  

o f  aIantiomers OY c r y s t a l 1  i s a t i o n  and f o r  the  c o n t r o l l e d  
a i s s o l u t i o n  o f  o rgan ic  c r y s t a l s ;  tnese a p p l i c a t i o n s  a r e  
discussed e l  sewhere. 

de tnank tne  donors o f  tne  Petroleum Research Fund 
a d i d n i s t e r e d  oy tne American Cnemical S o c i e t y  and the  
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