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DESIGN A N D  CONSTRUCTION OF SUPRAMOLECULAR AND 

M A CROM OLECULAR ARCHITECTURES B Y  TANDEM  INTERACTIONS

A lan  E. R ow an, N ico A. J . Som m erdijk , Joost N . H. R eek, B inne 

Z w an en b u rg , M artinus C. F e iters and R oeland  J. M . N olte*

D e p a rtm en t o f  O rganic C hem istry , N .S .R  C enter, U n ive rs ity  o f 

N ijm eg en , 6525  E D  N ijm egen , T he N etherlands.

A b s t r a c t  T he  se lf-a sse m b lin g  b ehav io u r o f  seve ra l m o lecu la r 

b u ild in g  b lo ck s  are  used  to co n struc t a variety  o f  ch iral and non- 

c h ira l su p ra -m o le c u la r and  m acro m o lecu la r a rc h itec tu res . T hese  

s tru c tu res  can  be fine ly  tuned  by sligh t changes in  e .g . the shape o f 

th e  b u ild in g  b locks , the pH  and by  the addition  o f g uest m olecu les.

INTRODUCTION

T h e d e sig n  and  sy n th esis  o f  u ltra large  m olecu les and assem b lies o f  

m o le c u le s  w ith  n a n o m e te r - s iz e d  d im e n sio n s  and  m o le c u la r  w e ig h ts  

(M W ) o f  lO 4 to 10 12 is  cu rre n tly  a rap id ly  g row ing  a rea  o f  in te re s t .1 

T h e se  'n a n o stru c tu re s ' a re  ex p ec ted  to have num erous app lica tion s in  the 

f ie ld s  o f  c a ta ly s is , m ic ro e lec tro n ic s  and m aterials science.2“5 The study 

o f  th e se  a sse m b lie s  and s tru c tu res  (N anochem istry ) and the ir app lication , 

(N a n o te c h n o lo g y )  a re  em e rg in g  su b d isc ip lin es  o f C hem istry  and T ech 

n o lo g y .

A n  im p o rta n t goal in  N ano ch em istry  is  the  ability  to a ttain  con tro l 

o v e r bo th  the  s ize  and p ro p e rtie s  o f  the nanom olecu les constructed . F ine  

e x a m p les  o f  su ch  co n tro l can  b e  fo un d  in  num erous na tu ra l sy s tem s,^  

w h ic h  a re  b u il t  up  u sin g  a v a rie ty  o f  se lf-a ssem b ling  processes, based
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p r im a r i ly  u p o n  r e la t iv e ly  w e a k  n o n - c o v a le n t  in te r a c t io n s  su c h  as 

h y d ro g e n -b o n d in g , e le c t ro s ta t ic  an d  V a n  d e r  W a a ls  in te r a c t io n s ,  an d  

m e ta l- l ig a n d  in te r a c t io n s .  B io lo g ic a l  s e l f - a s s e m b ly  in  g e n e ra l ,  u se s  

sev e ra l in te ra c tio n s  in  tan d em , w h ich  lead s  to  a le v e l o f  sp e c if ic ity  and 

a rc h i te c tu ra l c o n tro l c u rre n tly  w ith o u t p a ra lle l  in  ch em ica l sy n th e sis . T he  

g re a te r  th e  n u m b e r  o f  in te ra c t io n s  b e tw e e n  th e  b u ild in g  b lo c k s , th e  

g re a te r th e  s p e c if ic i ty  o f  in te ra c tio n  an d  in  tu rn  th e  g re a te r  th e  o rd e r  

w i th in  th e  s u p e r s t r u c tu r e .  T h is  s p e c i f ic i ty  g e n e ra te s  w e l l - d e f in e d  

as sem b lie s  w h ic h  p o ss e s  lo iig -ra n g e  3 -d im e n s io n a l o rd e r.

D e v e lo p in g  s tra te g ie s  fo r the  d e s ig n  an d  c o n s tru c tio n  o f  sy n th e tic  

n a n o m o le c u le s  w ith  w e ll-d e f in e d  p ro p e r tie s  an d  a rc h ite c tu re s  is  o n e  o f  

the  c h a lle n g e s  fa c in g  the  n a n o c h e m ist . In  th e  fo llo w in g  re p o r t ,  re c e n t 

e ffo r ts  in  o u r  g ro u p  to  d e s ig n  n a n o s tru c tu re s  f ro m  d if f e r e n t  b u ild in g  

b lo c k s  b y  th e  p ro c e s s  o f  s e lf -a s s e m b ly  a n d  s e l f -o rg a n iz a t io n  w ill  b e  

d is c u s s e d .

M O LECU LA R 'C L IP  BUILDING BLOCKS

O 12‘ '25
R -  - Q 0 C 12H25 

o c 12h 25

2

o c 12h 25

1 3 4

C a v ity  c o n ta in in g  m o le c u la r  ’c l ip s ' 1 - 3  h a v e  b e e n  s y n th e s iz e d  an d  

s tu d ied  in  o u r g ro u p .6  T hey  c o n sis t o f  a  co n cav e  d ip h e n y lg ly c o lu ril fram e  

to  w h ich  a v a r ie ty  o f  a ro m a tic  w a lls  can  b e  a tta c h e d  v ia  m e th y le n e



?

s p a c e r s .  T h e s e  m o l e c u le s  a r e  i d e a l  r e c e p t o r s  f o r  a r o m a t i c  

d ih y d ro x y b e n z e n e  d e r iv a tiv e s , w h ic h  c o m p le x  w ith in  th e ir  c a v it ie s  b y  a 

c o m b in a tio n  o f  K-% in te ra c t io n s  w ith  th e  a ro m a tic  w a lls  a n d  h y d ro g e n -  

b o n d in g  to  th e  u re a  c a rb o n y l fu n c tio n s . U s in g  th e  a b il i ty  o f  th e se  c lip  

m o le c u le s  to  s e le c t iv e ly  c o m p le x  in  a  s p e c i f ic  o r ie n ta t io n  w ith  3 ,5 - 

d ih y d r o x y b e n z e n e  d e r i v a t i v e s  a v a r i e ty  o f  s u p r a m o le c u l a r  a n d  

m a c ro m o le c u la r  a s se m b lie s  h a v e  b e e n  c o n s tru c te d  (F ig . 1).
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F ig . 1. A  sc h e m a tic  re p re s e n ta tio n  o f th e  su p ra m o le c u la r and  m acro - 

m o le c u la r  s tru c tu re s  fo rm e d  b y  th e  co m p le x a tio n  o f m o le c u la r c lip  2 

w ith  v a r io u s  3 ,5 -d ih y d ro x y b e n z e n e  fu n c t io n a l is e d  m o le c u le s .

A  n a p h th a le n e  s id e -w a lle d  c lip  m o le c u le  w ith  lo n g  a lip h a tic  ta ils  

w as  fo u n d  to  a lte r  i ts  c o n fo rm a tio n  u p o n  th e  a d d it io n  o f  a d ih y d ro x y 

b e n z e n e  g u e st . A lth o u g h  n o n - l iq u id  c ry s ta ll in e , c lip  2  in  the  p resen ce  o f 

a  lo w  m o le c u la r  w e ig h t  g u e s t  ( r e s o r c in o l ) ,  fo rm e d  o rd e re d  l iq u id  

c ry s ta l l in e  sm e c tic  p h a s e s . 7 T h is  liq u id  c ry s ta ll in e  b e h a v io u r  c o u ld  also  

b e  in d u c e d  in  la rg e r  m a c ro m o le c u la r  sy s te m s . A  c o p o ly m e r  o f  s ty re n e  

an d  3 ,5 -d ih y d ro x y s ty re n e  4 (M W  3 5 0 0 0 ) u p o n  th e  a d d it io n  o f  o n e  c lip  

m o le c u le  o f  2 to  e v e ry  s e c o n d  3 ,5 -d ih y d ro x y b e n z e n e  fo rm e d  tw o  liq u id  

c ry s ta ll in e  d is c o tic  p h a se s . O n e  b e tw e e n  8'6 a n d  1 3 1 ° C  an d  a secon d

/
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F ig . 2. C o m p u te r g en e ra ted  s tru c tu re  o f  a  4 :1 co m p lex  o f  m o lecu la r  clip  2 

w ith  a  te t r a ( 3 ,5 -d ih y d ro x y p h e n y l)p o r p h y r in .

h ig h e r  o rd e re d  p h a se  b e tw e e n  21 an d  86  ° C .8  T h e s e  re s u l ts  c le a r ly  

in d ic a te  th a t a  h ig h e r d eg ree  o f  o rg an iz a tio n  ca n  be  in d u c e d  in  a p o ly m er 

b y  m o le c u la r  re c o g n it io n , u s in g  a  c o m b in a tio n  o f  7C-7C an d  h y d ro g e n -  

b o n d in g  in te ra c t io n s .

U p o n  the  ad d itio n  o f  fo u r  eq u iva len ts  o f  c lip  2  to  a te tra (3 ,5 -d ih y d ro x y -  

p h e n y l) p o r p h y r in  d e r iv a t iv e  a w e l l - d e f in e d  n a n o m e te r  s iz e d  s u p e r 

s tru c tu re  w as fo rm e d  (F ig . 2). T h is  n a n o m o le c u le  w as a lso  o b se rv ed  to 

fo rm  liq u id  c ry s ta ll in e  p h ases . In  ad d itio n  to  b e in g  liq u id  c ry s ta ll in e  th is 

su p ra m o le c u la r  s tru c tu re  e x h ib ite d  e le c tro c h e m ic a l  p ro p e r t ie s  in d ic a tiv e  

o f  a  p o rp h y r in  e n c lo s e d  w ith in  a h y d ro p h o b ic  e n v iro n m e n t m im ic k in g  

th o s e  fo u n d  fo r  m e ta llo -e n z y m e s  l ik e  c y to c h ro m e  P -4 5 0 . T h is  n a n o 

c o m p le x  is  a  s tep  to w a rd  h ig h ly  o rd e re d  e n z y m e  m im ic s  a n d  is  o f  

in te re s t  fo r  fu tu re  c a ta ly tic  ap p lic a tio n s .

M o d ific a tio n  o f  th e  co n v e x  fa ce  o f  th e  c lip  m o lec u les  b y  re p la c in g  

th e  p h e n y l  g ro u p s  fo r  c h a rg e d  p y r id in iu m  g ro u p s  g e n e ra te s  w a te r  

so lu b le  m o lec u les , w h ich  a re  s t ill  cap ab le  o f  b in d in g  g u est m o le c u le s  b u t 

a lso  can  se lf-a s se m b le .



I
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C o m p o u n d  5 w a s  fo u n d  to  fo rm  h e a d - to - h e a d  ty p e  d im e r s  w h e n  

d is so lv e d  in  w a te r  a t a  c o n c e n tra tio n  > 2m M . T h e  c le f t  o f  o n e  m o le c u le  is  

f i l l e d  b y  th e  s id e -w a l l  o f  a n o th e r  an d  v ic e -v e r s a .  T h is  d im e r iz a t io n  

p ro c e s s  is c a u se d  b y  h y d ro p h o b ic  e ffe c ts  in  ta n d e m  w ith  fa v o u ra b le  i z - k

F ig . 3. E le c tro n  m ic ro sc o p ic  p ic tu re s  o f  'ra z o r-b la d e ' ag g re g a tes  fo rm e d  by 

6  in  w a te r; (A ) an d  (B ) p la tin u m  sh ad o w in g  tech n iq u e , (C ) free z e  

f r a c tu r in g  te c h n iq u e .
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s ta ck in g  in te ra c t io n s . A t h ig h e r  c o n c e n tra tio n s  la rg e r  a g g re g a te s  w e re  

n o t o b se rv ed . In  c o n tra s t,  m o le c u la r  c lip  6  w h ich  p o sse sse s  a la rg e r  

h y d ro p h o b ic  c a v ity  g av e  w e ll-d e f in e d  n a n o m e te r-s iz e d  ’ra z o r  b la d e - l ik e ’ 

s tru c tu res  u p o n  s tan d in g  (F ig . 3A  and  B ).9  A cc o rd in g  to  f re e z e - f ra c tu re  

e le c tro n  m ic ro sc o p y  th e s e  ’r a z o r  b la d e - l ik e ’ s tru c tu re s  w e re  b u il t  up  

fro m  a v e ry  l im ite d  n u m b e r  o f  la y e rs  (ca . 5 0 ) (F ig . 3 C ). E le c tro n  

d if f ra c tio n  s tu d ie s  p ro v e d  th a t th es e  a g g re g a te s  w e re  n o t c ry s ta ls .  A 

d e ta ile d  (* H  N M R , X -ray ) s tudy  w as u n d ertak en  w h ic h  in d ic a te d  th a t the  

a g g re g a tes  a re  c o n s tru c te d  fro m  a h e a d -to -h e a d  d im eric  seed  to  w h ic h  

su b se q u e n t g ro w th  o c c u rre d  in  a h e a d - to - ta i l  fa sh io n . In  th is  w ay  th e 

o u te r lay e r o f  the  array  is a lw ays h y d rop h ilic  (F ig. 4).

F ig . 4. C o m p u te r g en era ted  s tru c tu re  o f  the 'razo r b la d e -lik e ' ag g reg a tes  

o f  6 ; (A ) h ead -to -ta il d im er (17  Â ), (B) h ead -to -head  d im er (32 Â ).

R e la tiv e ly  few  se lf-a sse m b le d  sy n th e tic  sys tem s are  k n o w n  w h ic h  h av e  a



r

f in ite  sh a p e  a n d  s iz e .1 0  j n  o u r  sy s tem  th e  a s s em b ly  o c c u rs  d u e  to  

seve ra l fa v o u ra b le  n o n -c o v a le n t in te ra c tio n s . T he  f in ite  s iz e  is  th e  re su lt  

o f  a b a la n c e  b e tw een  th e  n a tu ra l c u rv a tu re  en fo rc ed  by  th e  d im e riz a tio n  

g eom e try  an d  h y d ro p h o b ic  fo rc e s . N o t on ly  can  f in ite  n a n o s tru c tu re s  b e  

g en e ra ted , th e y  c a n  a lso  b e  tu n e d  by  th e  a d d it io n  o f  g u e s t m o le c u le s . In  

the  p re s e n c e  o f  c a f fe in e  o r  r ib o f la v in e  g u e s ts ,  th e  'r a z o r  b la d e s ' a re  

t ra n s fo rm e d  in to  s p h e re - l ik e  s tru c tu re s .

In  a d d i t io n  to  b in d in g  d ih y d ro x y b e n z e n e  g u e s ts ,  m o d if ie d  c lip  

m o l e c u l e s ,  m o le c u la r  b a s k e ts  3 ,  w ere  fo u n d  to  be  e x c e p tio n a lly  g o o d  

rec ep to rs  fo r  v io lo g e n s  (7 )  an d  p o ly m e ric  v io lo g e n s .*  1 T h e  la t te r  m a c ro 

m o le c u le s  a re  in te re s t in g  p o ly m e rs  in  th a t th ey  fo rm  re d o x  a c tiv e  film s 

w h ich  m a y  b e  u se d  as o p tic a l d a ta  s to ra g e  m a te r ia ls . C o m p le x a tio n  o f  

m o le c u la r b a s k e t 3 to  v io lo g en  p o ly m ers , m o d if ie d  b o th  th e  v isc o sity  and  

e le c tro c h e m ic a l  p ro p e r t ie s  o f  th e  m a c ro m o le c u le s . U n fo r tu n a te ly , u p o n  

e le c tro c h e m ic a l fo rm a tio n  o f  th e  d a rk  b lu e , 1 e le c tro n  re d u c e d  v io lo g en  

sp ec ies , d e c o m p le x a tio n  w a s  fo u n d  to  occu r. In  o rd e r to  o v e rco m e  th is 

d e c o m p le x a tio n  a  p o rp h y r in -c a p p e d  m o le c u la r c lip  (8 )  h as  b ee n  re ce n tly

297

8

d ev elop ed . T h is  new  c lip  w as fo u n d  to  h av e  v e ry  h ig h  b in d in g  a ffin itie s 

fo r v io lo g en s . In  ac e to n itr ile  m e th y l v io lo g en  (7 a )  w as fo u nd  to  com plex
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te n  tim e s  s tro n g e r  to  p o rp h y r in  c lip  8 th an  to  b a sk e t 3 ( a s s o c i a t i o n  

c o n s ta n t K a =500  000  and  57  0 00  r e s p e c t iv e ly ) .  E th a n o l  v io lo g e n  

d e r iv a tiv e  7b  u p o n  b in d in g  fo rm ed  a p se u d o -ro ta x an e  com p lex  w ith  an  

a s so c ia tio n  c o n s ta n t o f  7 .5  x  10^  M “ 1 . T h is  is  one  o f  s tro n g e s t o rg an ic  

su p ram o le c u la r  c om p lex e s  k n ow n . T h e  s tre n g th  o f  th is  c om p le x  is  a 

r e s u l t  o f  s e v e ra l fa v o u ra b le  in te ra c t io n s ,  w o rk in g  in  ta n d e m , b e tw e e n  

th e  v io lo g e n  g u e s t and  th e  h o s t. A  p ro p y l-a m in e  v io lo g e n  d e r iv a tiv e  7  c 

a lso  fo rm ed  a p se u d o -ro ta x a n e  co m p lex  w ith  8 in  w h ich  th e  p ro p y la m in e  

arm s p o in t o u t o f  th e  cav ity . C o n d en sa tio n  o f the  co m p le x  o f  7 c  and  8 ,  

w ith  3 ,3 ,3 - t r ip h e n y lp r o p io n y l  c h lo r id e  g a v e  r ig id  p o rp h y r in - v io lo g e n  

ro ta x a n e s .  C o n d e n s a t io n  w ith  a  d ifu n c t io n a l  a c id  c h lo r id e  ( s e b a c o y l 

c h lo r id e )  le d  to  th e  fo r m a t io n  o f  an  o rd e re d  p o r p h y r in - v io lo g e n  

p o ly ro ta x a n e  m a c ro m o le c u le  (F ig . 5).

F ig . 5 . C o m p u te r g en e ra te d  m o d e l o f  the  p o ly m eric  ro tax an e  fo rm e d  fro m  

7 c , 8  an d  seb ac o y l c h lo r id e .

T h e  u se  o f  su p ra m o le c u la r  c o m p le x a tio n  to  g e n e ra te  o rd e r  in  tan d e m  

w ith  m a c r o m o le c u la r  p o ly m e r iz a t io n  is  an  in te r e s t in g  d e v e lo p m e n t  

to w ard  th e  fu tu re  c o n s tru c tio n  o f  n a n o m e te r-s iz e d  m o le c u la r  a s se m b lie s .
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CHIRAL BUILD ING  BLOCKS

T h e  c o n s tru c t io n  o f  c h ira l su p ram o le cu la r  s tru c tu re s  by  the  se lf-  

a s sem b ly  o f  c h ira l su rfac tan ts  has re ce iv ed  co n sid e ra b le  a tte n tio n  in  th e 

la s t  d e cad e . S yn th e tic  su rfa c tan ts  d e riv ed  from  s u g a r s , * 2  am ino  acids,*  3 

n u c le ic  a c id s * 4  an d  p h o s p h o l i p i d s * 5 h a v e  all been  sho w n  to  fo rm  a  

v a r ie ty  o f  c h ir a l  s u p e r s tru c tu re s  su ch  as h e l ic a l  f ib e rs  a n d  tw is te d  

r ib b o n s . In  g e n e ra l, m o s t o f  th ese  co m p ou nd s c o n ta in  h y d ro g e n  b o n d in g  

m o ie tie s  w h ic h  p ro v id e  th e  in te rm o le c u la r  in te ra c tio n s  n e e d e d  to fo rm  

th e s e  a g g re g a te s .  In  a d d it io n  th e  sh ap e  o f  th e  m o le c u le s  and  the  

so lv a tio n  o f  th e ir  h ea d  g ro u p s  p la y  an  im p o rta n t ro le  in  the  ag g reg a te  

fo rm a tio n . A lth o u g h  m an y  s tu d ies  on su r fa c ta n t a g g re g a tio n  h a v e  b een  

c a rr ie d  ou t, r e la tiv e ly  li t t le  is  kn ow n  abou t how  the  sh ap e  and  ch ira lity  

o f  th e  su p e rs tru c tu re  is re la te d  to  the  c h ira lity  an d  shape  o f  the basic  

b u ild in g  b lo c k . In  o rd e r  to try  and  u n d e rs ta n d  th is  re la tio n s h ip  th e 

a g g re g a tio n  b e h a v io u r  o f p h o sp h o lip id s  has been  in v es tig a ted .

PH O SPH O LIPID S

C a H z - ^ O - i  O
Hpi .N ^ - C i 7 H 35

NazOaPO-J H

O
C a H y -^ O - i

O H '4"0P03Na2 

C iy H s s ^ - N - 1

10

PhO-i O PhO-i
H J , N_11_C17H35 O H '4 "0 P0 3Na2

NiuOaPO-' H C17H35

11 12

T h e  tw o  re la te d  p a ir s  o f  p h o sp h o lip id  an alog ues (9  and 1 0 )  w ere 

s tud ied  in  o rd e r to  assess the  ex p ress ion  o f the  ch ira lity  o f  the bu ild ing
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F ig . 6 . E le c tro n  m ic ro g ra p h s  o f  d is p e rs io n s  o f  9 and  1 0 ;  P la n a r  b i la y e rs  

s tru c tu re s  fo rm ed  b y  9  (a ) ,  p la t in u m  s h a d o w in g  te c h n iq u e ;  le f t - h a n d e d  

h e lic e s  fo rm e d  b y  1 0  (b ) a n d  (c ) , p la t in u m  s h a d o w in g  te c h n iq u e ;  r ig h t-  

h a n d e d  s u p e r  h e l ix  fo rm e d  b y  1 0  (d ) u n s ta in e d , (e )  f r e e z e  f r a c tu r e  te c h 

n iq u e ;  su p e r  c o ils  fo rm e d  b y  D N A  m o le c u le s  (f ) (  see  re f. 16).

b lo c k  in  th e  s u p r a m o le c u la r  s t ru c tu re .  C o m p o u n d s  9 a n d  1 0 ,  a l t h o u g h  

th e y  h a v e  a s tro n g  s t ru c tu ra l  r e s e m b la n c e  a n d  o n ly  d if f e r  in  th e  p o s i t io n
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o f  th e  p h o s p h a t e  a n d  a m id e  f u n c t i o n s ,  g a v e  d r a m a t i c a l ly  d i f f e r e n t  

e x p r e s s io n s  o f  m o l e c u l a r  c h i r a l i t y  a t  t h e  s u p r a m o l e c u l a r  l e v e l .  

T r a n s m is s io n  e le c t r o n  m ic r o g r a p h s  o f  a  2% w w  s o lu t io n  o f  9  in  w a te r  

r e v e a le d  p la n a r  s t ru c tu re s  (F ig . 6 a )  w h e re a s  f o r  a  s im ila r  s o lu t io n  o f  1 0  

le f t  h a n d e d  h e l ic a l  s t ra n d s  (d ia m e te r  22  n m , p i tc h  9 2  n m ) w e re  o b s e rv e d  

(F ig . 6 b  a n d  c ) . T h e s e  s t r a n d s  in  tu rn  a g g re g a te d  to  f o rm  le f t - h a n d e d  

r o p e - l ik e  s t r u c tu r e s .  In  a d d i t io n  to  th e  s t r a n d s  a n d  r o p e s ,  l a r g e  r ig h t-  

h a n d e d  s u p e r  h e l ic e s  w e re  a ls o  o b s e r v e d  ( d ia m e te r  3 5 0  n m , p i tc h  2 5 0  

n m )(F ig . 6 d  a n d  e ). I t  is  th o u g h t  th a t  th e s e  r ig h t- h a n d e d  s u p e r  h e l ic e s  

a re  fo rm e d  b y  th e  in te r - tw in in g  o f  le f t - h a n d e d  h e l ic e s  in  an  a n a lo g o u s  

m a n n e r  to  th e  fo rm a t io n  o f  s u p e rc o i le d  D N A  (F ig . 6 f) .* 6  T h e  la t te r  s e lf -  

a s s e m b ly  b e h a v io u r  is  th o u g h t  to  b e  c o n tr o l le d  b y  s m a ll  c h a n g e s  in  s a l t  

c o n c e n t r a t io n s .  M o n o la y e r  s tu d ie s  o f  p h o s p h o l ip id s  9  a n d  1 0  a t  v a r io u s  

p H 's  w e re  c a r r ie d  o u t  to  s tu d y  th is  p h e n o m e n o n .

F ig . 7. M o le c u la r  c o n fo rm a tio n s  o f  c o m p o u n d s  9 (le ft)  an d  1 0  (r ig h t) .

F o r  m o le c u le  9 a v e ry  la rg e  l i f t - o f f  a re a  (c a . 3 2 0  A ^ / m o l e c u l e )  w a s  

d e te r m in e d ,  w h e r e a s  th e  i s o m e r  1 0  c o u ld  b e  c o m p r e s s e d  to  a  m u c h

/



302

sm a lle r  a re a  (c a  80  Â ^ /m o le c u l e ) .  F rom  a d d it io n a l  d a ta  i t  w a s  c o n c lu d ed  

th a t  th e  s tr u c tu r e s  o f  th e  tw o  m o le c u le s  a re  c o n s id e ra b ly  d i f f e r e n t ,  th e  

fo rm e r  b e in g  b e n t  an d  th e  la t te r  b e in g  l in e a r  (F ig . 7 ) . E x a m in a t io n  o f  th e  

m o n o la y e rs  b y  B re w s te r  a n g le  m ic ro s c o p y  a t d i f f e r e n t  p H 's  r e v e a le d  no  

d i s t in c t  m o r p h o lo g ie s  f o r  9 .  I n  c o n tra s t  u p o n  c o m p re s s io n  o f  1 0 ,  c h ira l  

b ra n c h e s  d o m a in s , w ith  a c o u n te r - c lo c k w is e  p a t te r n  w e re  o b s e rv e d  a t p H  

6 .5 . A t  lo w e r  p H  2 .5 , th e  c h ira l  d o m a in s  o f  1 0  d i s p la y e d  a  c lo c k - w is e  

p a t t e r n  in  a g r e e m e n t  w i th  th e  o b s e r v e d  i n v e r s io n  o f  c h i r a l i t y  u p o n  

fo rm a tio n  o f  th e  s u p e rh e l ic e s  b y  e le c tro n  m ic ro s c o p y .

F ig . 8. E le c tro n  m ic ro g ra p h s  o f  th e  s tru c tu re s  fo rm e d  b y  1 1 ;  a f te r  5 

m in u te s  (a ) , a f te r  1 h o u r  (b ), a f te r  1 d ay  (c ), a n d  b y  1 2  (d ), p la t in u m  

s h a d o w in g  te c h n iq u e .

T h e  o th e r  i s o m e r ic  p a i r  1 1  a n d  12  a ls o  s h o w e d  m a r k e d ly  d i f f e r e n t  

a g g re g a t io n  b e h a v io u r . A t  p H  6 .5  c o m p o u n d  1 1  w h e n  d is p e rs e d  in



F ig . 9 . S c h em a tic  re p re s e n ta t io n  o f  th e  a r ra n g em en t o f  m o le c u le s  o f  1 2  in  

a m ic e l la r  f ib e r .

s o lu t io n ,  f o r m e d  la r g e  v e s i c l e s  w i th  d ia m e te r s  o f  5 0 0 -1 0 0 0  n m . O v e r  

t im e  th e s e  v e s ic le s  r e a r r a n g e d  to  y ie ld  r ib b o n s  (F ig . 8 a ). A t lo w e r  p H  

( p H = 2 .5 )  th e  r i b b o n - l i k e  s t r u c tu r e s  r e a r r a n g e d  to  f o r m  le f t - h a n d e d  

h e l ic e s  (F ig . 8 b ) , w h ic h  tw is te d  f u r th e r  to  g iv e  tu b u la r  s t ru c tu re s  (F ig . 

8 c ). M o le c u le  1 2 ,  h o w e v e r ,  f o r m e d  m ic e l la r  ty p e  f ib e rs  (F ig . 8 d ). T h e s e  

f ib e r s  w e re  s h o w n  b y  X - r a y  s tu d ie s  to  b e  c o n s tru c te d  f ro m  tw o  in te r 

c a la t in g  m o le c u le s  o f  1 2 ,  w h ic h  y ie ld s  a  s ta i r c a s e - l ik e  a r r a n g e m e n t  o f  

b u ild in g  b lo c k s  (F ig . 9 ).

CONCLU SION S

I t  h a s  b e e n  sh o w n  th a t  a  w id e  v a r ie ty  o f  b u i ld in g  b lo c k s  c an  b e  

u s e d  to  fo rm  o r d e r e d  n a n o m e te r - s iz e d  s u p e r s t r u c tu r e s .  B y  u s in g  s e v e ra l  

m o le c u la r  in te r a c t io n s  in  ta n d e m  i t  is  p o s s ib le  to  c re a te  a r ra y s  w ith  a  

h ig h  f id e l i ty  a n d  3 -d im e n s io n a l  o rd e r .  I t  h a s  a ls o  b e e n  sh o w n  th a t  th e  

a r c h i te c tu r e s  o f  th e s e  n a n o m o le c u le s  c a n  b e  s ig n i f ic a n t ly  a l te r e d  b y  

s l ig h t ly  v a ry in g  th e  g e o m e try  o f  th e  b u i ld in g  b lo c k s , b y  a d d in g  g u e s t 

m o le c u le s  a n d  b y  c h a n g in g  th e  p H .
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