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1. INTRODUCTION

We are deve lop ing se l f -assembly  as  a  s t ra tegy for  the
preparat ion o f  la rge supramolecu lar  s t ruc tures.  Th is
approach to synthesis focuses on forming networks of  weak,
reversible non-covalent interact ions between the
const i tuent molecules to generate a thermodynamical ly
s tab le  s t ruc ture ,  ra ther  than on forming ind iv idua l ly
s t rong,  cova lent  bonds.  A major  in te l lec tua l  impetus for
the development of  sel f -assembly in organic chemistry is
the range o f  se l f -assembled s t ruc tures found in  l i v ing
organ isms.  1  Per t inent  examples o f  these s t ruc tures
inc lude (  i  )  tnNa molecu les ,  whose s t ruc tures are  d ic ta ted
by  se r ies  o f  hyd rogen  bonds  be tween  A :U  and  G :C  res idues r2
and (  i i  )  te lomers ,  whose s t ruc tures are  s tab i l i zed by
stacked, cycl ic hydrogen bond networks between G
res idues .3

The ob jec t ive  o f  our  research is  the preparat ion o f
ser ies  o f  re la ted se l f -assembled s t ruc tures r  us ing
hydrogen bonds as the bas ic  in termolecu lar  l inks .  We
in tend to  use these ser ies  to  address cer ta in  issues
cruc ia l  to  the app l ica t ion o f  se l f -assembly  as  a  synthet ic
s t ra tegy .  4 -8  These  i ssues  i nc lude :

An Understanding of Thermodynamics. Enthalpy forms the
thermodynamic basis of  covalent synthesis.  As a
consequence,  the in tu i t ion  o f  chemis ts  concern ing the
st ruc ture ,  entha lpy ,  and s tab i l i ty  is  s t rong.  The
corresponding intui t ion regarding the relat ions involving
ent ropy is  genera l ly  weaker .  fn  se l f -assembly ,
understanding the interplay between enthalpy and entropy
is  cent ra l  to  molecu lar  des ign.  We wish to  unders tand
th is  in terp lay  in  suf f ic ient  deta i l  to  pred ic t  the
stab i l i ty  o f  new s t ruc tures.

Considerat ions in Design. Preorganizat ion of  const i tuent
molecu les  has emerged as a  key cons iderat ion in  the des ign
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Fiqure 1 The putat ive structure of  the CA'1,1 lat t ice that
is bel ieved to form on mixing equimolar rat ios of  cyanuric
acid (CA) and melamine ( l '1) .  The moti fs we have extracted
a re  ( i )  t he  cyc l i c  CA3M3 un i t  (bo ld ) ,  ( i i )  t he  l i nea r  t ape '
and (  i i i  )  the cr ink led tape.

o f  se l f -assembl ing s t ruc tures.  We wish to  ascer ta in  where
the ba lance l ies  between the r ig id i ty / f lex ib i l i ty  o f
const i tuent  molecu les ,  the ease o f  the i r  synthes is ,  and
the s tab i l i t ies  o f  complexes der ived f rom them.

Technigues for Character izat ion. The character izat ion of
la rge molecu lar  s t ruc tures is  d i f f i cu l t .  We wish to
determine which analyt ical  methods provide the most useful .
data  for  the character iza t ion o f  non-cova lent ly  bound
suprano lecu lar  aggregates in  organ ic  so lu t ion.

2. SOLUBLE HYDROGEN-BONDED COI'{PLEXES BASED ON THE
CA.M LATTTCE

The strategy \.te have adopted for the formation of
hydrogen-bonded supramolecular aggregates in organic
so lu t ion is  based on the synthes is  o f  d iscre te '  so lub le
port ions of  the hydrogen-bonded lat t ice between cyanuric
ac id  and  me lamine  (CA.M)  (F igu re  1 ) .9  The  mo t i f  we  have
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used to  bu i ld  se l f -assembl ing s t ruc tures is  the cyc l ic
CA3M3 un i t  (  bo ld  )  that  character izes th is  la t t ice .  The
CA.M lat t ice ful f i I ls  two key requirements to serve as the
bas is  o f  se l f -assembl ing s t ruc tures.  F i rs t ,  the h igh
densi ty of  hydrogen bonds in CA't{  provides a strong
enthalpic dr iv ing force for sel f -assembly.  Second, the
cyclic CAgMg unit is a highly slmrmetrical motif . Th j.s

factor aids character izat ion of  these supranolecular
aggregates ,  espec ia l ly  by  t l . I I l .  r .  spect roscopy.

Preparat ion o f  2*3  Supramolecu lar  Aggregates.

Mixing equimolar portions of isocyanurates and
melamines in Chloroform at room temperature results in
their  associat ion to form random ol igomers, wi th no
evidence for the existence of a stable cycl ic CA3M3 uni t  in
so lu t ion.  To reduce the unfavorab le  t rans la t iona l  ent ropy
that  is  assoc ia ted wi th  se l f -assembly ,  and to  reduce the
loss of  conformational  entropy uPon complexat ion (by
attempting to impose the bound conformation on the unbound
cons t i t uen ts  )  ,  we  have  used  a  ' spoke '  and  ' hub '

archi tecture to preorganize both melamine and isocyanurate
un i ts  pr ior  to  b ind ing. l0  Th is  approach to  se l f -assembly
is i l lustrated in Scheme 1. l \ l lo equivalents of  the
tr ivalent melamine der ivat ives, hubM3 and i ts more
f lex ib le  ana log t r isM3,  se l f -assemble wi th  three
equivalents of  the diner ic isocyanurate der ivat ives ,
benzCAzand fu ranCA2 , toa f f o rd2+3adduc t s i nch1o ro fo rm
so1ut ion. l l  These complexes are  s tab i l i zed by 35 hydrogen
bonds between the f ive const i tuent molecules. We have
used f ive  ana ly t ica l  techn iques to  character ize  these 2+3
supramolecular aggregates .

1 .  So lub i l i t y :  The  so lub i l i t y  o f  t he  b i s i socyanura te
der iva t ives in  ch loro form is  low (<0.1  mM) .  On
complexat ion wi th  hubM3,  the b is isocyanurates d isso lve.
The ab i l i ty  o f  two equ iva lents  o f  hubM3 to  so lub i l i ze
three egu iva lents  o f  benzCA2 prov ides qua l i ta t ive  ev idence '
for  the s to ich iometry  o f  the resu l t ing  complex.

2 .  W Spect roscopy:  The changes in  t rmax that  occur  on

addit ion of  benzCA2 to hubM3 r uP to the stoichiometry
required for format ion of  the 2+3 complex, provide
guant i tat ive evidence for the stoichiometry of  the
complex. Beyond this point  r  l to further changes occur.

3  .  1g N. I r { .  R.  Spect rogcopy :  The so lub i l i t ,y  o f  these
complexes in chloroform has al lowed their  structural
character i  zaEion by 1g D . I t t .  r  .  spectroscoPy .  Figure 2
shows the changes that  occur  in  the 1g D.m.r  spect rum in
chloroform on going from uncomPlexed hubM3 to
( hubM3 ) 2 ( ben zCA2) 3 . The spectrum of hubM3 is broad as a
resu l t  o f  se l f -assoc ia t ion and o f  h indered ro ta t ion about
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Scheme 1 SeIf-assembly of  the tr ivalent melamine
derivat ives, hubM3 and tr isM3, with the bivalent
isocyanurate der ivat ives, ben zCA2 and furanCA2, to form 2+3
supramolecu lar  aggregates.  The molecu lar  weight  o f
(hubM3)2 (benzCA2)3  i s  5 .519  KDa  and  the  mo lecu la r  we igh t  o f
( t r i sMg)2 (benzCAz ) r  i s  4 .266  KDa .

Ft"

hubM3

1M3)z (CA z)s



(hubMs) 2(benzCAe)g

" 
t'o'o{'t,'n

xx

U

L
Hzo

b k
p 9." vrQ q

-u

l----.--rI

15.0 10.0 8.0 6.0
PPM

4.0 2,0 0.0

free hubM3

0.0 2.0 4,0 6.0 8.0 10.0 12,0 14.0

Retention time (min)

Fiqure 2 Character izat ion of  (  hubM3 ) 2 (  ben zCAZ) S by 1g
n.m.r spectroscopy and gel  permeat ion chromatography. The
annotat ion on the top 1g D.rn.  r .  spectrum corresponds with
tha t  f o r  (hubM3)2 (benzCA2)3  shown  in  Scheme 1 .  The
retent j -on t  jme in  g .  p .  c .  increases as the s ize o f  the
molec le  decreases.  The po lys tyrene s tandard has a  mean
mo lecu la r  we igh t  o f  5050  and  a  po l yd i spe rs i t y  o f  1 .05 .
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the amide and t r iaz ine-NH bonds.  In  cont ras t ,  the
resonances in  the spect rum of  (hubM3)2(benzCA2)3 are  sharp
and  p redominan t l y  (>951)  those  o f  a  s ing le  spec ies .  These
resonances are  cons is tent  w i th  the proposed s t ruc ture  o f
(hub} l3 )  2 (benzCA2 ) 3.  At inter-nediate stoichiometr ies,  the
spectra show only resonances associated with
( hubM3 ) 2 ( ben zCA2) 3 and uncomplexed hubt{3 . This
observat ion is consistent wi th the operat ion of
cooperativity in the formation of ( hubM3 ) 2 ( ben zCA2) 3 . rn
con t ras t  t o  (hubM3)2 (benzQ,2 )9 ,  t he  more  f l ex ib le
( t r isM3 ) 2 (  benzCAi l  3 aggregate exhibi ts considerable
conformational  isomerism. FuI l  structural  assignment of
this complex is ,  theref ore,  i rnpossible.  This f  eature
i l lustrates the importance of preparing supranolecular
aggregates that are highly structured and symmetr ical .

4 .  Ge l  Pemea t i ou  Cb rosa tog rapby  (g .P . c . ) :  G .p . c .
is a technique that separates molecules on the basis of
their  hydrodynamic radi i .  I t  is  a useful  technique for
analyzing non-covalent ly bound structures in organic
so lu t ion,  s ince i t  p rov ides in format ion (a lbe i t
qua l i ta t ive  in format ion)  about  both  s tab i l i ty  and s ize.
F igure 2  shows the g ' .  p .  c .  t races o f  uncomplexed hub l ' {3 ,
(  hubM3 ) 2 (  ben zCA2) 3 ,  and a polystyrene standard in
ch loro form.  Uncomplexed hubM3 exh ib i ts  se l f -assoc ia t ion
in  so lu t ion and ex is ts  as  a  poor ly -def ined mix ture  o f
aggregates .  The g .  p .  c .  t race o f  hubM3 is  very  broad and
fea tu re less  .  f n  con t ras t ,  t he  g .  p .  c  t race  o f
(  hubM3 ) 2 (  ben zCA2) 3 shows a s ing1e, sharp peak that is
cons is tent  w i th  the presence o f  a  s ing le  spec ies  in
so lu t ion.  The pro f i le  o f  the peak suggests  that  the
stab i l i ty  o f  the complex is  h igh,  w i th  no ev idence o f
decomplexat ion over the durat ion of  the run. We bel ieve
that the shapes of peaks for di f ferent hydrogen bonded
aggregates in  g : .p .c .  prov ide a  usefu l  qua l i ta t ive  measure
of  the i r  re la t ive  s tab i l i t ies .

5 .  Vapo r  P ressu re  Osnone t r y  ( v . p .o .  )  :  V .p .o .  i s  a
technique for obtaining molecular weights of  molecules in
so lu t ion,  by  cor re la t ing the vapor  pressure o f  a  so lu t ion
containing a compound of unknown molecular weight to that
of  solut ions of  standards of  known molecular weights.  We
have determined the molecular weights of  our 2+3
supramolecular aggregates in chloroform solut ion, to an
accu racy  o f  t  10 t ,  by  co r re la t i ng  resu l t s  aga ins t  t hose  o f
NrN'  b is tBoc-gramic id in-S (Mw 1342) ,  sucrose octaaceta te
(MW 679) ,  po l ys t y rene  (MW 5050) ,  and  pe rbenzoy l  p -
cyc lodex t r i n  (Mw 3321) .  We  obse rve  a  s ign i f i can t  range  o f
values for molecular weights depending on the standard
used.  We are  invest igat ing the e f fec ts  that  se l f
assoc ia t ion and so lvent  assoc ia t ion,  caused by hydrogen
bond si tes on the per iphery of  our molecules, have on the
st ruc tures in  so lu t ion (and,  there forer  or r  the in fer red
molecular weights )  of  these complexes. An improved



understanding of these features should al Iow us to apply
v .p .o .  t o  t he  ana lys i s  o f  sup rano lecu la r  agg rega tes  w i th
greater  accuracy.

An Assessment of  the Thermodvnamic Parameters of
@.

To improve our understanding of the thermodynamics of
sel f -assernbly,  we have exanined the rates of  exchange of
components in sel f -assembled complexes with analogous
st ruc tures,  uncomplexed in  so lu t ion,  by  1g n .m.r
spectroscopy (  Scheme 2) .  The 1+1 complexes formed between
the trj.valent melamine derivatives M3 and the
complementary trivalent isocyanurate derivatives CAg are
the most stable we have prepared. By measuring the rate
constant for exchange at var ious temperatures r  w€ can
obtain the thermodynamic parameters that are associated
wi th  the t rans i t ion  s ta te  o f  the exchange process.  These
va lues are  g iven in  Scheme 2.  The exchange process is
un imolecu lar .  Th is  observat ion suggests  that  the
t rans i t ion  s ta te  for  exchange cor responds to  the fu l Iy
decomplexed s ta te .  D iv id ing the entha lpy  o f  ac t iva t ion
fo r  t h i s  exchange  ( j . e .  f o r  t he  d i ssoc ia t i on  reac t i on )
(24  kca l  mo l - l )  by  the  number  o f  hyd rogen  bonds  (18 )  g i ves
an ind iv idua l  hydrogen bond entha lpy  o f  1 .3  kca l  mol - l .
A l though th is  ana lys is  conta ins  some ser ious and debatab le
assumptions, the value of  the hydrogen bond strength
compares favorably with values obtained by other
au tho rs .  l 2 -14

Oua l i t a t i ve  P red ic t i ons  o f  S tab i l i t y .

Based on the enthalpy for each hydrogen bond from the
previous sect ionr w€ have constructed a semi-quant i tat ive
analys is  o f  the re la t ive  cont r ibut ions o f  d i f fe rent  f ree
energy terms to  se l f -assembly  processes.  An example,
based on the assembly of  (  hubM3 ) 2 (  ben zCA2) 3 ,  is shown in
Scheme 3. The enthalpy of  format ion of  35 hydrogen bonds
in  the two cyc l ic  CA3M3 un i ts  shou ld  be -48 kca l  mol - l .
The term for t ranslat ional  entropy represents the loss in
entropy on br inging the f ive molecules together in space.
The term for rotat ional  entropy governs the loss in
entropy on br inging together the binding regions of  the
melamine and isocyanurate pieces. The term for
conformational  entropy relates to the loss in entropy on
restr ict ing rotat ion about the f  lexible bonds in hubl ' l3.
We estimate that each arm of hublt3 contains 7 bonds that
must be fro zen into one of two rotamers . The change in
conformational  entropy on constraining two hubM3 molecules
i s ,  t he re fo re ,  2  X  (2L  x  -RT In (L /2 ) )  =  - L7  kca l  mo l - l .
BenzCA2 has no rotamers that are restr icted as a
consequence o f  b ind ing.  Combin ing these va lues leads to  a
pred ic ted f ree energy o f  fo rmat ion o f  -13 kca l  mol - l  fo r
(hubM3)2 (benzCAz ) : .
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Scheme 2 The thermodynamic parameters associated with the
t rans i t ion  s ta te  for  the exchange process i l lus t ra ted.
The react ion was fo l lowed by moni tor ing the s igna l  o f  the
proton indicated on M' :  by an aster isk by 1g I t  . I I l .  r  .
spect roscopy.
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-d(MgCAs)/dt  = kt (MsCAs) :  Unimolecular

k  =7 .7x10 '7sec-1  = (kT /h )  e ( - lH* ln l  e (ASt /

AH* = 24 kcal mol -1
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Scheme 3 Semiquant i tat ive est imates of  the contr ibut ions
of enthalpy and entropy to the free energy of  sel f -
assemb ly  fo r  (hubM3 )2  (benzCA:  ) : .

A second qual i tat ive predictor that we have appl ied
to  our  sys tems is  the number  HB/  (N-1) .  HB is  the number
of hydrogen bonds in the aggregate. N is the number of
const i tuent  molecu les  in  the aggregate .  The larger  the
va lue o f  HB,  the more s tab le  the aggregate ;  the la rger  the
va lue o f  N,  the less  s tab le  the aggregate .  The ra t io
HB/  (N-1)  is  not  cor re la ted in  a  fundamenta l  way to  AG,  but
HB correrates with the enthalpy of  format ion of  the
network  o f  hydrogen bonds,  and (N-1)  cor re la tes  wi th  the
loss of  t ranslat ional  entropy on format ion of  the
aggregate .  Large va lues o f  HB/  (N-1)  shou ld ,  there fore ,
cor re la te  wi th  h igh s tab i l i ty  fo r  these types o f
complexes.  F igure 3  shows the va lues o f  HB/  (N- l )  fo r  s ix
types o f  our  supramolecu lar  aggregates.  These s t ruc tures
range from the untethered cycl ic cA3M3 uni t  to the very
s tab le  1+1 complex.  The t rend in  s tab i l i t ies  that  is
suggested in  th is  .  f igure  matches that  we have observed.

A l though these methods for  assess ing the
thermodynamic aspects of  sel f  assembly are both semi-
quant i ta t ive ,  they do represent  usefur  methods o f



HB/ 1n-t;

[  3+3 ]  3 .5

[ ] .+3 1 5

[  1+5 ]  5

[  2+3 ]  e

[  1+3 ]  11

1+11 18

20

Figure 3  Va lues o f  HA/  (N-  1  )  f  o r  s ix  se l f  -assembled
suprano lecu lar  aggregates.  An increase in  the va lue o f
Ha/  (N-1 )  shou ld  ind icate  in  increase in  the s tab i l i ty  o f
the suprano lecu lar  aggregate .  The order  o f  these va lues
of  HB/ ]N- l  )  cor re la te i  q ;a l i ta t ive ly  w i th  the s tab i l i t ies
of the complexes. The numbers in brackets refer to the
numbers of  melamine uni ts (  f i rst  )  and isocyanurate uni ts
(  second )  invo lved in  the supramolecu lar  aggregate .

pred ic t ing which systems may se l f  assemble to  g ive s tab le
s t ruc tures and which systems may have Iow s tab i l i ty .

0



3. CO-CRYSTAILIZATION :  HYDROGEN-BONDED SELF-
ASSE}'TBLY IN THE SOLID STATE.

The vast l i terature on hydrogen bonding in crystals is a
testament to the power of  th is interact ion as a
s tab i l i z ing feature  in  the so l id  s ta te .  15,  16 Crysta ls  that
contain extensive networks of hydrogen bonds provide a
means to invest igate the ef fects of  molecular structure on
so1 id - s ta tepack ing ,and ,u I t i : na te1y , t odes ignandbu i1d
usefu l  so l ids  based on molecu lar  c rys ta ls .  Th is  s t ra tegy ,
for crystal  engineering requires a step beyond the level
o f  molecu lar  des ign usea to  prepare so lub le  molecu les ,  and
must be able to tackle problems that are unique to the
so l i d  s ta te ,  such  as  c rys ta l  pack ing  fo rces .
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Fiqure 4  The ser ies  o f  co-crys ta ls  we have obta ined
demonst ra tes  the e f fec t  o f  changing the pheny l  subst i tuent
(X)  on the crys ta l  s t ruc ture  o f  the 1 :1  complex between
the subst i tuted diphenylmelamine der ivat ives and barbi tal .
In al l  cases, the tr iad hydrogen bond network between the
subst i tu ted d ipheny lmelamines and barb i ta l  i s  re ta ined.

The bas is  for  our  e f for ts  in  c rys ta l  eng ineer ing is
the col lect ion of  mot i f  s f  ound within the CA.l"1 lat t ice
(F igure 1) .  By us ing subst i tu ted melamines and
isocyanurates, hre can interfere with the hydrogen bond
network  and 'exc ise '  por t ions o f  the la t t ice .  We have
used ser ies of  co-crystals formed from equimolar rat ios of
subst i tuted diarylmelamine der ivat ives and barbi tal
(F igu re  4 )  t o  i den t i f y  t h ree  mo t i f s ,  ( i )  l i nea r  t apes '
(  i i  )  c r ink led tapes,  and (  i i i  )  roset tes  based upon the
cycl ic CA3M3 structure. 9 These moti fs are shown in Figure
5.  .  They represent  a  bas is  set  that  we are  us ing to  probe
systematical ly the interact ions that determine the
structure of  the crystal ,  We have shown that smal l
changes in  the s ize and pos i t ion  o f  the subst i tuent  on the
phenyl  r ing of  the diarylmelamine der ivat j -ves can be
performed without disrupt ing the tr iad pattern of  hydrogen



' L i nea r  Tape '
X = para-l{e

'C r i nk l ed  Tape '
X = para-CO2l'{e

' R o s e t t e '

= para-tBu

Figure 5  The e f fec ts  on the crys ta l  s t ruc ture  o f  the
ster ic requirements of  the para-subst i tuents on the
diarylmelamine der ivat ives. We propose that the
d i f fe rent ia t ion o f  l inear  tape,  c r ink led tape,  and roset te
moti fs is determined by the unfavorable ster ic interact ions
that  are  ind icated on the s t ruc tures.
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bonds between ad jacent  p ieces.17 rns tead,  th is
subst i tut ion inf luences the mot i f  adopted in the crystal .
Co-crys ta ls  barb i ta l  and para- (F,  C l ,  B t ,  M€,  CFg)  and
meta-(F, I ,  M€, CFg) subst i tuted diarylmelamines adopt the
linear tape motif ; co-crystals between para-CO2t{e-
diarylmelamine and barbi tal  adopt the cr inkled tape mot i f ;
co-crystals between para-tBu-diarylmelamines and barbital
adopt the rosette mot i f .  We have used ster ic arguments to
ra t iona l ize  the in teract ions that  are  respons ib le  for  the
di f ferent iat ion between the respect ive mot i fs.  We
consider the l inear tape to be the lowest energy mot i f
based on i ts prevalence. The cr inkled tape is adopted
when ster ic interact ions between adjacent para-
subst i tuents on the diarylmelamines become unfavorable in .
the l inear  tape.  These in teract ions are  re l ieved in  the :
c r ink led tape.  Fur ther  increases in  the s ter ic  bu lk  o f
the para-subst i tuents create an unfavorable contact wi th
the proximal ethyl  groups of the barbi tal  moiet ies.  In
th is  case,  the s ter ic  s t ra in  is  re l ieved by the adopt ion
of  the roset te  mot i f ,  in  which the subst i tuents  on the
d iary lmelamine groups are  a t  the i r  most  d is tant .

CONCLUSTONS A}ID FUTURE PROSPECTS

We have prepared a ser ies of  supramolecular aggregates
based on networks of  hydrogen bonds. These structures
demonstrate the versat i l i ty of  the CA.l ' t  lat t ice as the
bas is  for  const ruc t ing se l f -assembl ing supramolecu les .  In
the so lu t ion s ta te ,  these molecu les  are  character ized by
18 or  35 hydrogen bonds,  4-7  const i tuent  p ieces,  molecu lar
weights  in  the range 3-7  KDa,  var ious leve ls  o f
preorgan izat ion,  and a  range o f  s tab i l i t ies .  We are  novt
in  a  pos i t ion  to  ( i )  tes t  cer ta in  hypotheses ( for  example
the  re l a t i onsh ip  o f  HB / (N -1 )  t o  s t ab i l i t y ) ;  ( i i )  assess
the re la t ive  s tab i l i t ies  o f  many o f  these complexes by 1g
n .m. r .  exchange  exper imen ts ;  ( i i i )  assess  c r i t i ca l l y  ou r
cr i te r ia  for  des ign ( in  par t icu lar ,  how ef fec t ive  is  our
preorgan izat ion? )  ;  (  i v )  app ly  molecu lar  model ing to  ass is t
our  des ign and to  cor re la te  s t ruc tura l  in format iont  (v )
prepare s t ruc tures wi th  increas ing s tab i l i t ies ,  and
consequent ly t  (v i )  p repare s t ruc tures o f  increas ing s ize.
I ' tost  important ly,  we have obtained a ser ies of  c losely-
re la ted se l f -assembled s t ruc tures that  is  a l lowing us to
begin to decipher t rends and make predict ions about ne\^t
supranolecular aggregates .

fn the sol id stater w€ have appl ied an approach to
crys ta l  des ign based upon a  c lose ly- re la ted ser ies  o f
s t ruc tures.  The cent ra l  features o f  th is  program are
( i  )  the observat ion of  t rends and (  i i  )  the development of
a capabi l i ty for predict ion. We bel ieve that we can
predict  secondary archi tecture-- for example, the
occurrence o f  tapes versus roset tes  (  F igure 5  )  - -w i th  some
conf idence, based on ster ic arguments .  We are now
tack l ing two impor tant  issues.  The f i rs t  prob lem is  that
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of po1)rmorphism, i .  e.  hot{  many crystal  phases are
thermodynamical ly accessible? Which are kinet ical ly
preferred? The use of powder di f f ract ion methods and
crystal l izat ion from di f ferent solvents should determine
whether the crystal  structures tde have observed are
determined by kinetic or thermodynamic factors. The
second issue is  the cont ro l  o f  te r t ia ry  arch i tec ture .  Can
we prepare des igned sol ids by introducing ne\^r levels of
orthogonal non-covalent interact ions that wi l I  control  the
crystal  packing of  our basic tape mot i fs?

Mo1ecular  se l f -assembly  is  in  i ts  in fancy.  Any rea l
app l ica t ion o f  se l f -assembly ,  in  e i ther  so lu t ion or  so l id
states, wi l l  depend on the avai labi l i ty of  fundamental
informat ion concerning thermodynamics, stabi l i t ies of
complexes,  ru les  for  des ign,  and techn iques for
character izat ion. When this fundamental  informat ion is
ava i lab le ,  i t  w i l l  be  poss ib le  to  des ign and synthes ize
ne\^r types of  structures ef  f  ic ient ly.
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