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T h e  fo rm a t io n  m e c h a n is m  o f  r in g - s h a p e d  a s s e m b l ie s  (w h e e ls )  o b ta in e d  f ro m  the  e v a p o ra t io n  o f  so lu t io n s  of 

b i s ( 2 1 / / ,2 3 / / - 5 ( 4 - p y r y d y l ) - 1 0 ,1 5 ,2 0 - t r i s ( 4 - h e x a d e c y lo x y p h e n y l ) p o r p h y r in ) p la t in u m  d ic h lo r id e  (P tP )  h as  been 

s tu d ied  by  a v a r ie ty  o f  sp e c tro sc o p ic  an d  m ic ro s c o p ic  te c h n iq u e s ,  in c lu d in g  c o n fo c a l  f lu o re s c e n c e  m icroscopy  

(C F M ) ,  a to m ic  fo rce  m ic ro s c o p y  (A F M ) ,  an d  n e a r - f ie ld  s c a n n in g  o p t ic a l  m ic ro s c o p y  (N S O M ) .  R in g -sh ap ed  

s t ru c tu re s  h a v e  b e e n  o b ta in e d  by  d e p o s i t io n  o f  C H C I 3 s o lu t io n s  o n  g la ss ,  an d  a s t ro n g  d e p e n d e n c e  o f  ring 

sh a p e  an d  s ize  on  the  in itia l P tP  c o n c e n t ra t io n  h as  b e e n  o b s e rv e d .  A d d i t io n  o f  m e th a n o l  ( M e O H )  to  the 

so lu t io n  in h ib i te d  r in g  fo rm a t io n  i f  the  c o n te n t  o f  M e O H  w a s  h ig h e r  th a n  10%  in v o lu m e .  D e p o s i t io n s  of 

C H C I 3 so lu t io n s  on  g ra p h i te  in s te a d  o f  on  g la ss  e x h ib i te d  m o re  p e r fe c t  c i r c u la r  r in g  s tru c tu re s .  Po lariza tion  

an d  local t im e - re s o lv e d  m e a s u re m e n ts  o f  the  f lu o re s c e n c e  at th e  e d g e  o f  the  r in g s  d e m o n s t ra te d ,  how ever, 

tha t the  r in g s  h av e  s im ila r  sp e c tro sc o p ic  p ro p e r t ie s  on  b o th  su b s tra te s .  S c a n n in g  p ro b e  m ic ro s c o p y  techniques 

(A F M  an d  N S O M )  g a v e  d e ta i le d  in fo rm a t io n  on  the  m o rp h o lo g y  o f  the  r ing . T h e  s ize  o f  the  porphyrin  

w h ee ls  va r ied  from  10 n m  to severa l /¿m in d ia m e te r  an d  b e tw e e n  10 an d  2 0 0  n m  in he igh t. N S O M  experim ents  

on  the n a n o sc a le  op tica l  p ro p e r t ie s  o f  the  s a m p le s  in d ic a te d  tha t the  a s se m b lie s  are  o rg a n iz e d  on  the  nanom eter  

sca le  d u e  to  sm all  m o le c u la r  a g g re g a te s .  A d d i t io n a l ly ,  the  e f fe c t  o f  the  p o rp h y r in  (P tP )  c o n c e n t r a t io n  o n  the 

s p e c t ro s c o p ic  a n d  sc a t te r in g  p ro p e r t ie s  o f  the  P tP  so lu t io n s  r e v e a le d  th a t  m o le c u la r  a g g re g a te s  a re  fo rm  d 

p r io r  to  e v a p o ra t io n .  T h e  im p l ic a t io n s  o f  th e se  re su l ts  on  the  r in g  fo rm a t io n  m e c h a n is m  are  d is c u s s e d  in this 

p ap e r .

In t ro d u c t io n

T here  has been an intense interest in the spec troscop ic  and 

pho tochem ica l properties  o f  com plex  m olecu lar  assem blies  o f  

pho toac tive  m olecu les  due to their potential ap p lica t io n . 1-4 

F urtherm ore  r ing-shaped  assem blies  o f  po rphyrins  are know n  

to occu r  in nature, as in the bacterial com plex  L H 2 .5

T he prepara tion  by S chenn ing  et a l .6 o f  n iicronscale  ring- 

shaped assem blies o f  porphyrins, i.e., porphyrin  rings or wheels, 

by evapora tion  o f  porphyrin  so lu tions on a substrate , is one o f  

the m ost in teresting  exam ples  o f  the facile construc tion  o f  

m o lecu la r  objects  by se lf-assem bly .

T his  paper reports a detailed  investigation o f  the local optical 

p roperties  o f  porphyrin  rings on glass, ob ta ined  by deposition  

o f  porphyrin  from C H C I3 solutions. In particular it is concerned  

with the fo rm ation  and charac teriza tion  o f  porphyrin  rings 

resu lting  from  a deta iled  scann ing  force m icroscopy , near-fie ld  

scanning optical m icroscopy ,7 and scanning confocal m icroscopy 

analysis . U sing  the porphyrin , b is (2 1 / / ,2 3 / / -5 (4 -p y r id y l) -  

10,15 ,2 0 - tr is (4 -h ex ad ecy lo x y p h en y l)p o rp h y r in )p la t in u m  di- 

ch loride , PtP, in C H C I3, thin films w ere  g row n  under  a variety  

o f  conditions. T he  r ing -shaped  assem blies  on glass are an a lo ­

gous to those previously reported on a graphite  su rface ,6 ranging 

from  10 nm  to 10 /¿m in d iam ete r  and be tw een  10 and 200  nm  

in height. E m iss ion  spectra  o f  the rings on the glass indicate

7 P erm a n en t in stitu tio n : D e p a r tm e n t o f  C h e m is tr y , U n iv e r s i ty  o f  M in ­

n e so ta , M in n e a p o l is ,  M N  5 5 4 5 5 .

* T o  w h o m  c o r r e s p o n d e n c e  s h o u ld  b e a d d r e sse d .

0 A b stra c t  p u b lish e d  in Advance AC S Abstracts. N o v e m b e r  1, 1 9 9 7 .

that the rings are co m p o sed  o f  porphyrin  m o lecu les  in a locally 

aggregated  configuration. Prelim inary  polarized N S O M  images 

suggest that the indiv idual aggregates  in the rings are randomly 

orien ted , lead ing  to an am orphous  cong lo m era te  o f  nanom eter 

scale aggregates . E xperim en ts  have also been  undertaken  to 

study the effect o f  added m ethanol on the ultimate film structure. 

T he  film s g row n  on glass substra tes  are co m p ared  to films 

g row n  on graphite , w hich  a llow s for a co m p ariso n  to the 

previously  published S E M  and T E M  m easurem ents  on graphite- 

supported  f i lm s .6 T he  experim en ts  have a llow ed  us to address 

som e pre lim inary  issues o f  the g row th  m echan ism .

Photophysica l da ta  o f  the p recu rso r  in so lu tion  w ere  studied 

to evalua te  the role o f  the aggrega tion  in the film  formation.

E x p e r im e n ta l  Section

T he m ethods for the synthesis  o f  P tP  and the film preparation 

techn iques  w ere  p resen ted  e lse w e re .6 The so lvents  chloroform  

(CHCI3, B ioso lve  L T D , H P L C -g rad e ) ,  carbon te trach loride  

(CCI4, B ioso lve  L T D , H P L C -g rade) ,  and m ethano l (M eOH 

B ioso lve  L T D , S pec tro -g rade)  w ere  used w ithou t further 

purification . T he  film s investiga ted  w ere  s tored  for a few  days 

in the dark, and  no m orp h o lo g y  changes  w ere  observed  upon 

ag ing  o f  the sam ples.

S pec tropho tom etr ic  m easu rem en ts  in so lu tion  w ere carried 

out by a U V —vis sp ec tro p h o to m ete r  (P erk in -E lm er L am d a  6). 

S teady-sta te  f luorescence  spectra  and synch ronous  scans were 

ob ta ined  by a f luo rim ete r  (Spex F luoro log), w hich  prov ides the 

co rrec tion  factors for the lam p profile. T h e  fluo rescence

S I 0 89 -5647 (97 )0 2305 -5  C C C : $14 .00  ©  1997 A m erican  C hem ica l Socie ty



^ sostructure  o f  E vapora ted  Porphyrin  Thin  Film s J. Phys. Chem. B, Vol. 101, No. 49, 1997  10589

qi\intum yields were measured*in front face configuration  using 

cr syl violet in M eO H  as a reference , 0 f  — 0 .5 4 .8 In the 

s \  tchronous scans, right angle configura tion  was used to detect 

tli resonance light scattering from the solutions.1' The excitation 

a 1 the em iss ion  m o n o ch ro m ato rs  w ere  coup led  and adjusted  

tt scan s im u ltaneously  th rough  the range 4 0 0 —800 nm. The 

e oerimental setup w as tested, rep roducing  the data  presen ted  

b Pasternack  for ch lo rophyll a.]0 T he  scattering  spectra  o f  

c lorophyll a in acetone in the p resence o f  fo rm am ide-buffe red  

si ution w ere in ag reem en t (w ith in  experim en ta l error) with 

tl ose reported  in re f  11.

C onfocal transm iss ion  im ages w ere  taken with a B ischke 

( "D -4 0 1 2 P  b lack -and-w hite  cam era . C onfocal f luorescence  

i easurem ents  w ere recorded  with a B iorad M R C  600 scanning  

i it and a N ikon  D iaphot 300 inverted  m icroscope. F luores- 

i nee im ages are ob ta ined  w ith  a 6 0 x ,  1.4 NA oil im m ersion  

( »jective lens (3 s /fram e (768 x  512 pixels)). T he  frequency- 

i lubled ou tpu t (420  nm ) o f  a T i/S apph ire  laser (T sunam i, 

5 lectra Physics) was used for excita tion . The effect o f  light 

I >larization on the f luorescence  has been  perform ed  by placing 

I »larizing sheets (with parallel, perpendicular, and 45° orienta- 

t >ns) on the excita tion  pulse  and /o r  in front o f  the detector, 

i spectively . T im e-reso lved  f luorescence  experim en ts  w ere 

i trried out by rep lacing  the 4 6 0 D C L P  C h ro m a  long-pass filter 

\ ith a 100% reflection  m irror to d irect pho tons to a s im plex  

ICP (H am am atsu  R 3809U -50). A C V I 660 ±  5 nm  narrow  

m d-pass filter is p laced in front o f  the M C P. As a reference 

-(d icyanom ethy lene)-2 -m ethy l-6 -p -(d im ethy lam ino)s ty ry l-4 //-  

I yrane (D C M ) in m ethanol, i f  =  2.3 n s ,M has been  used.

A tom ic  force m icroscopy  im ages have been acquired  in 

oncontact m ode  e ither by a L u m in a -A F M  (T opom etrix )  using 

>w-resonance can tilevers  and phase detection  or with a 

)iscoverer A F M  system  (T opom etrix )  using h igh-resonance  

robes and am plitude  detection .

T he  com m erc ia l  N S O M  instrum ent (T opom etrix  A urora  

lodel) w as m odified  by rep lac ing  the 670 nm  d iode laser that 

s used for shear-force  feedback  w ith  a 980  nm  d iode laser in 

•rder to allow  for the detection  o f  fluorescence o f  the porphyrin  

vheels U max 665 nm , see below ). A dditionally , the PM T  

tetector o f  the A uro ra  was rep laced  with a m ore  sensitive  and 

ow er backg round  level detector, nam ely  a s ing le-pho ton- 

ounting avalanche photod iode m odule  (E G & G , M odel S P C M -

2 0 0 -C D 1 7 1 8 ) .

C o m m erc ia lly  availab le  and h o m em ad e  N S O M  probes w ere 

m ployed in the experim ents. The optical images were recorded 

with an A l-coated  optical fiber probe w ith  a nom inally  100 nm 

aperture at the probe end; s im ultaneously  topograph ic  im ages 

have been recorded.

T ypica lly  0 .6 m W  o f  458 nm  light was coup led  into the fiber 

probe, and approxim ately  10'  photons per second em anated  from 

the probe and w ere detec ted  in the far field. T he  excita tion  

light was blocked by a laser notch filter (Kaiser Optical Systems, 

Inc. H N P F -457 .9 )  and a 540 nm long-pass  filter. A dditional 

IR short-pass  filters were em p lo yed  to b lock  the shear-force  

laser. The fluorescence  light from  the sam ple  was co llected  

alternatively  with a 6 0 x ,  0.7 N A  dry and a lOOx, 1.4 N A  oil 

im m ersion  m icroscope objective. Scan speed  was typically  2.2 

umls for a 10 x  10 /m i scan range, and m easu rem en ts  were 

m ade at room  tem perature .

The com m ercially  available (Topom etrix) N SO M  probes were 

evaluated  by a m ultis tep  procedure: (i) an evaluation  o f  the 

m echanical response  o f  the fiber to ensure  a la rge-am plitude  

resonance  with a linear m otion  o f  the probe and a llow ing  for 

stable shear-force  detection; (ii) an optical exam ina tion  o f  the 

light em anating  from the tip to ensure  the absence  o f  detectable
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F i g u r e  1 . ( A )  E x c i t a t io n  a n d  e m i s s i o n  s p e c tr a  o f  P tP  d e p o s i t e d  o n  

g l a s s  ( f u l l  l in e )  a n d  in C H C h  s o lu t io n  (d o t t e d  l in e ) ;  e m i s s i o n  s p e c tr a  

ta k e n  o n  a s a m p le  p r e p a r e d  b y  e v a p o r a t in g  a 2  x IO-4 M  s o lu t io n  in 

C H C h .  ( B )  S y n c h r o n o u s  s c a n  o f  a 5  x 1 0  5 M  s o lu t io n  o f  P tP  in 

C H C h .

pinholes in the a lum in um  coating  o f  the probe; and (iii) a 

m easu rem en t o f  the far-field  light em ana ting  from  the aperture  

to de te rm ine  w hether  the intensity o f  the probe is suffic iently  

high for N S O M  m easurem ents . The resolu tion  o f  the N SO M  

im age, w hich  is con tro lled  by the aperture  size, should  be 

s ign ifican tly  better than the topograph ic  im ages for tall, sharp 

objects  (such as the porphyrin  wheels). Thus, substantia lly  

better reso lu tion  in the N S O M  im age was used as an additional 

criterion  for an accep tab le  N S O M  p ro b e . 12-14
F luorescence  spectra  in the N S O M  w ere acqu ired  with a 

C hrom ex 250IS im aging spectrograph coupled to a cooled ICCD 

(Princeton  Instrum ents , Inc. m odel IC C D -576-S /R B -E M ). The 

spectra  w ere  ob ta ined  by excita tion  with an uncoated  N SO M  

probe in o rder to increase  the excita tion  intensity albeit with a 

decrease  in spatial resolution .

N S O M  polarization  excita tion  m easu rem en ts  have been 

perfo rm ed  in co llabora tion  with the D epartm en t o f  C hem istry , 

U niversity  o f  M inneso ta , and the instrum enta l setup has been 

prev iously  d e sc r ib e d . 1̂

R e su l ts  a n d  D iscu ss io n

P h o to p h y s ic a l  S tu d ie s  in S o lu t io n  a n d  o f  th e  B u lk  F ilm .

The spectroscop ic  properties o f  PtP in so lu tion  have been 

investiga ted  in o rder to charac terize  the pho tophysics  o f  the 

m onom er building block in solution and to explore w hether there 

is spec troscop ic  ev idence  for aggregation  in the so lu tions that 

w ere used for film grow th. P refo rm ed  aggregates  m ay play an 

im portan t role in the ring g row th  m echanism .

T he g round  state o f  PtP in C H C I3 and CCU show s an 

absorp tion  spec trum  typical for a m etal-free  p o rp h y r in :16 the 

Soret band has its m ax im u m  at 427 nm  (é =  9 .0  x  IO-'' M -1 
c m " 1) and four Q -bands  at 521 (€ =  3.7 x  IO4 M -1 c m -1 )), 

560  (e =  2.6 x  104 M -1 c m -1 ), 593 (€ =  1.2 x  IO4 M -1 c m -1 )), 

and 650  ( e =  1.3 x  IO4 M -1 c m -1 ) nm. T he  spectral shape is 

affected by the concentration; in particular at w avelengths below

35 0  40 0  4 5 0  500  550  600  65 0  700  750  800

W a v e l e n g t h  ( n m )

s o l u t i o n

f i lm



10590 J. Phvs. Chenu B, Vol. 101, No. 49, 1997 Hofkens et al

i f

o

*

C

D
>

c

r J -  *

Figure 2. C o n f o c a l  f l u o r e s c e n c e  im a g e s  o f  e v a p o r a t e d  f i lm s  o f  P t P /C H C h  2  x  

r e p r e s e n t s  10 / / m .

10  6 M  s o l u t i o n s  o n  g la s s .  T h e  s c a l e  b a r  b e l o w  e a c h  im aj.

450  n m  a d e v ia t io n  f ro m  the  L a m b e r t —B e e r  la w  is o b s e r v e d  in 

c o r r e s p o n d e n c e  w ith  the  b ro a d e n in g  o f  the  S o re t  b a n d .  T h is  

in d ica tes  a g g re g a t io n  tak in g  p lace  in so lu t ion .  T h e  f lu o re sc e n c e  

s p e c t r u m  o f  P tP  in C H C I 3 s h o w s  tw o  b a n d s ,  at 654 a n d  725 

n m ,  a n d  its s h a p e  is in d e p e n d e n t  o f  the  e x c i ta t io n  e n e rg y .  In 

d i lu te d  s o lu t io n  a f lu o re s c e n c e  q u a n tu m  y ie ld  o f  0 .0 2  h as  b ee n  

m e a s u re d .  In c re a s in g  the  c o n c e n t r a t io n  p ro d u c e d  no  a d d i t io n a l  

spec tra l  c h a n g e s ,  but a reduc t io n  o f  q u a n tu m  yie ld  w a s  o b se rv ed ,  

p r e s u m a b ly  d u e  to a g g re g a t io n .  T h e  e x c i ta t io n  s p e c t ru m  

r e c o rd e d  at 654  n m  m a tc h e d  the  a b s o rp t io n  s p e c t r u m  (F ig u re  

1A).

By a d d in g  M e O H  to C H C I 3 s o lu t io n s  (P tP  is not so lu b le  in 

n ea t  M e O H )  a sp l i t t in g  o f  the  S o re t  b a n d  is o b s e rv e d .  In a 

C H C h / M e O H  m ix tu re  c o n ta in in g  50%  o f  a lc o h o l ,  the  m a in  

a b s o rp t io n  is at 427 n m , bu t  tw o  n e w  s h o u ld e r s  at 390 a n d  447 

n m  a p p e a r .  In the  p re s e n c e  o f  a h ig h e r  M e O H  f rac t io n  (75%  

in v o lu m e )  the  sp l i t t in g  is m o re  p r o n o u n c e d  a n d  the  a b s o rp t io n  

at 427 n m  a p p e a r s  l ike a s h o u ld e r  o f  the  m o re  in te n se  b a n d  at 

447 n m . In the  p re s e n c e  o f  M e O H  (50%  a n d  75%  in v o lu m e )  

the  e x c i ta t io n  s p e c t r u m  s h o w s  a m a x i m u m  at 427 n m  a n d  a 

s h o u ld e r  at 445 n m , so  it d o e s  not m a tc h  the  a b s o rp t io n  

s p e c t ru m .  T h e s e  e f fe c t s  a re  p ro b a b ly  in d u c e d  by the  s t a c k in g  

a m o n g  the  P tP  d im e rs ,  w h ic h  a l te rs  the  loca l  t r a n s i t io n  d ip o le s .  

O n e  p o s s ib le  e x p la n a t io n  is the  fo rm a t io n  o f  a s a n d w ic h - l ik e  

c o m p le x  in w h ic h  the  p o rp h y r in  a ro m a t ic  r ings  s tack  to g e th e r . 17

A s it h a s  b e e n  s h o w n  by  P a s te rn a c k  et a l . ,1, 12, 8  l ight 

s c a t te r in g  at w a v e le n g th s  in the  a b s o rp t io n  b a n d  e n v e lo p e  (a 

fo rm  o f  r e s o n a n c e  l igh t  s c a t te r in g )  o f  an a g g r e g a te  in so lu t io n  

c a n  b e  c o n s id e r a b le  i f  the  a b s o r p t io n  is no t  too  s t ro n g  a n d  the 

pa r t ic le  s ize  is su f f ic ien t ly  large  an d  can  be u sed  as an ind ica t ion  

o f  a g g re g a t io n .  S y n c h r o n o u s  f lu o re s c e n c e  s c a n s  h a v e  b ee n
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F i g u r e  3 .  D e c a y  c u r v e s  o b t a in e d  b y  s c a n n in g  th e  a m o r p h o u s  m a te r ia l  

b e t w e e n  r in g s  ( f u l l  l in e ) ,  an  i s o la t e d  r in g  ( b o ld  l in e ) ,  a n d  an  a g g r e g a te  

in  a r in g  ( th in  l in e ) .  T h e  d o t t e d  l in e  is  th e  d e c a y  o f  th e  r e f e r e n c e .

ca rr ied  ou t  on P tP  in C H C I3 so lu t io n s  at d if fe ren t  c o n c e n tra t io n s  

W h e n  the  c o n c e n t r a t io n  is h ig h e r  than  10-5 M, r e s o n a n c e  light 

s c a t te r in g  c o u ld  be  d e te c te d ,  a n d  its in ten s i ty  in c re a s e s  w ith  the 

c o n c e n t r a t io n .  In p a r t icu la r .  F ig u re  IB  s h o w s  tha t  th ro u g h o u t  

the ra n g e  4 0 0 —600  n m  the  s c a t te r in g  w a s  w e a k  ( ~ 1 0 7 c p s )  due  

to the  b ig  a b s o rp t io n  o f  P tP , as  d e m o n s t r a t e d  by the  d e c re a s e  

o f  s c a t te r in g  at the  p o s i t io n  o f  the  S o re t  b an d .  H o w e v e r ,  a 

h ig h e r  s c a t te r in g  in ten s i ty  w a s  o b s e r v e d  at lo n g e r  w a v e le n g th s ,  

w ith  a m a x i m u m  at 710 nm . T h i s  re su l t  in d ic a te s  the  p re se n c e  

o f  a g g r e g a te s  a lso  in C H C I3, but the  a b s e n c e  o f  r e m a r k a b le  

c h a n g e s  in the  a b s o rp t io n  a n d  e x c i ta t io n  s p e c t r a  s u g g e s t s  thai 

th ey  a re  no t  s ta c k e d .

T h e  s p e c t r o s c o p y  o f  P tP  in so l id  th in  f i lm s  h a s  a lso  been  

in v e s t ig a te d .  T h e  g r o u n d - s ta te  a b s o rp t io n  o f  the  b u lk  f i lm  is
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F u r e  4 .  C o n f o c a l  f l u o r e s c e n c e  i m a g e s  o f  e v a p o r a t e d  f i lm s  o f  P tP  in m ix t u r e s  o f  C H C I 3 a n d  M e O H . ( A .  C . E ) I m a g e s  ta k e n  at d i f f e r e n t  p o s i t i o n s  

o f  a s a m p l e  p r e p a r e d  f r o m  a s o lu t io n  w ith  3%  o f  M e O H . ( B .  D )  I m a g e s  r e c o r d e d  f r o m  a s a m p le  p r e p a r e d  b y  a s o lu t io n  w i t h  6%  o f  M e O H . (F )  

Im age  o b t a in e d  fr o m  a s a m p le  p r e p a r e d  b y  d e p o s i t i o n  o f  a  s o lu t io n  c o n t a in in g  2 8 %  o t  M e O H . T h e  s c a l e  b ar b e l o w  e a c h  im a g e  r e p r e s e n t s  2 0 / /m .

red-shifted com pared  to the one m easured  in solution. The 

changes are m ore p ronounced  for the Soret band region, w hich  

h a s  its m ax im um  at 4 5 0  nm. T he f luorescence  spec trum  o f  

PiP on glass has a m ain  band at 665 nm and a second  one at 

o 5  nm. T he  excita tion  spec trum  recorded  at 665 nm m atches  

th e  absorp tion  spectrum . Figure 1A show s the norm alized  

excitation and em ission  spectra o f  the bulk film and the solution 

for com parison . T he  spectral properties  o f  these films were 

th e  sam e, irrespective o f  the concen tra tion  o f  the starting

solution .

C o n fo ca l  F lu o re sc e n c e  M ic ro s c o p y  o f  th e  P o r p h y r in  T h in  

F i l m s .  W e used C FM  to study a broad range o f  porphyrin  thin 

films, including sam ples prepared from PtP dissolved in mixtures 

of C H C h /M e O H  with various com positions . T im e-reso lv ed  

fluorescence m easu rem en ts  were com bined  with confocal

m easu rem en ts  to m onito r  the tim e-reso lved  em ission  dynam ics  

o f  porphyrin  rings. Porphyrin  rings on graphite  substrates were 

also  exam ined .

C onfocal im ages in transm ission  and f luo rescence  m ode 

show ed  that the m orpho logy  o f  the s tructures was affected  by 

the concen tra tion  o f  the starting solu tion . Bv vary ing  the 

concen tra tion  o f  the so lu tion , d ifferen t s tructures have been 

grow n that range from  rings that are highly in terrupted  (like 

beads on a chain) to thick, w ell-fo rm ed  rings. For very highly 

concen tra ted  starting  so lu tions, a con tinuous  deposition  o f  

material has been o bse rved  in the films (see below  for details). 

The film s ob ta ined  from 2 x  10-h M PtP so lu tion  exhib it 

especia lly  w ell-fo rm ed  rings w hich  gave the best reso lved  

im ages w ith  C F M . in term s o f  contrast and  back g ro und  

fluorescence.
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Figure 5. Confocal fluorescence polarization images of evaporated 
films of PtP in a mixture of CHCI3 and 3% MeOH on glass. The scale 
bar below each image represents 1 0 /mi.

Figure  2 portrays C F M  im ages o f  a porphyrin  thin film 

sam ple  on glass p repared  by evapora tion  o f  a 2 x  10-6 M PtP 

solution. These data show  som e isolated rings and other regions 

with fused rings and som e even m ore com plex  structures, such 

as the com plex  o f  rings show n in F igure  2D. It is likely that 

these various assem blies  result from an organization  that occurs 

in the g row th  m echanism . Thus, the ring o f  rings is an ex trem e 

exam ple  o f  the organ iz ing  structures fusing  together, w hich  is 

apparent in Figure 2A. Som e o f  the rings have a large individual 

deposition  on one side w hich  m ay function as a nuclea tion  site 

(Figure 2C). W ith C FM  no fluorescence has been detected from  

the inside o f  the rings.

An exam ple  o f  t im e-reso lved  fluorescence decays for the 

porphyrin  rings is show n in Figure 3. The decay  kinetics o f  

d ifferent reg ions o f  the sam ple  are, w ithin  experim enta l error, 

ind istinguishable . The three traces in Figure 3 correspond  to 

the isolated ring in Figure 2B, the region o f  the sam ple  that 

includes m any  fused rings (F igure  2C), and finally the large 

bright region o f  material a ttached  to the ring in Figure 2C, 

respectively . The sim ilarity  o f  these decays reveals  that the 

porphyrin  material that com prises  the rings, the large com posite  

aggregates , and the material be tw een  the rings presents  a very 

s im ilar  structure at the spatial reso lu tion  o f  C FM .

An exam ina tion  o f  the im ages o f  film s grow n in d ifferent 

conditions show ed a variety o f  features that were consistent with

Figure 6. C o n f o c a l  f l u o r e s c e n c e  p o la r iz a t io n  i m a g e s  o f  e v a p o r a : 

f i lm s  o f  P tP /C H C U  o n  g r a p h ite ,  u s in g  ( A )  u n p o la r iz e d  l ig h t  a n d  ( 1 

h o r iz o n t a l ly  a n d  (C )  v e r t ic a l ly  p o la r iz e d  l ig h t .  T h e  s c a le  bar b e lo w  ea ch  

im a g e  r e p r e s e n t s  1 /¿ m .

tw o possib le  m echan ism s for porphyrin  ring form ation . In a 

first m odel, the aggregation  is induced  by the gas bubb c s  

form ed during the evaporation  o f  the p o rp h y r in /C H C h  solutions 

that are used to prepare  the films (bubble  m odel). At th e  

c ircum ference  o f  the bubble , nucleation  and grow th  o f  a 

porphyrin  am orphous  phase should  occur, w hich results  in ring 

structures after the evapora tion  was com plete . In general, 

bubb le -induced  aggregation  is a w ell-docum en ted  phenom- 

e n o n . ,y In a second m odel, the assem bly  o f  porphyrin  material 

can be induced  by a dynam ic  process during  the dew etting  ot 

the substrate by the C H C I3 solutions. The unstable film evolves 

via nucleation  and grow th  o f  dry patches (hole m o d e l).20 The



M esostructure o f  E vapora ted  Porphyrin  Thin  Films J. Phys. Chem. B, Vol. 101, No. 49, 1997  10593

A

i

4

%

%

I

36 n m

0 n m

1 0  x  1 0  u m 5 x 5  u m 2 .7  x  2 .7  (j.m

5 9  n m

0  n m

5 0  x  5 0  (am

O

j

y

0

k

1 0  x  1 0  u m 3 x 3  ( i m

n m
o

o

Q
o

O

o
o

o

o

o

e

0  n m
©

O

o  o

*
cv

a  o

O

o

2 0  x  2 0  u m 6 x 6  f i m 2 x 2  f im

gure  7. T o p o g r a p h ic  im a g e s  o f  e v a p o r a t e d  f i l m s  o f  P t P /C H C h  s o lu t io n s  o n  g l a s s  m i c r o s c o p e  c o v e r  s l ip s .  I m a g e  s i z e  is  in d ic a t e d  b e l o w  e a c h  

la g e .  ( A —C ) I m a g e s  ta k e n  f r o m  a s a m p le  p r e p a r e d  b y  s o l v e n t  c a s t in g  o f  a 2  x  10"  M  s o lu t io n .  I m a g e s  A  a n d  B are  a c q u ir e d  b y  n o n c o n t a c t  A F M  

h ile  im a g e  C  w a s  a c q u ir e d  b y  s h e a r - f o r c e  w ith  a c o a t e d  N S O M  p r o b e .  T h e  c o l o r  s c a le  o n  th e  to p  le f t  a p p l i e s  fo r  im a g e  A . I m a g e s  B a n d  C  h a v e  

m ila r  c o l o r  s c a l e s .  ( D - F )  I m a g e s  s c a n n e d  b y  n o n c o n t a c t  A F M  o n  a s a m p le  p r e p a r e d  b y  s o lv e n t  c a s t in g  a 2  x  1 0 -6 M  s o lu t io n .  T h e  c o l o r  s c a le  

ii th e  m id d le  le f t  a p p l i e s  fo r  im a g e  D ; i m a g e s  E a n d  F  h a v e  s im i la r  c o l o r  s c a l e s .  (G  — I) I m a g e s  ta k e n  b y  s h e a r - f o r c e  w it h  an  u n c o a t e d  N S O M  

ro b e  o n  a  s a m p le  p r e p a r e d  b y  s p in  c o a t in g  a 2  x  1 0 -J  M  s o lu t io n .  T h e  b o t t o m  le f t  c o l o r  s c a le  c o r r e s p o n d s  to  th e  h e ig h t  c o n tr a s t  in  im a g e  G  a n d  

a p p r o p r ia te  fo r  im a g e  H . I m a g e  I is  a c l o s e  u p  o f  an  a r e a  b e t w e e n  th e  r in g s  s h o w n  in im a g e s  G  a n d  H . T h e  c o n tr a s t  in  F ig u r e  1 c o r r e s p o n d s  to  

a b o u t 3 0  n m .

hole expands (due to capillary forces) and induces the d isp lace ­

ment o f  the porphyrin  m aterial and its accum ula tion  at the hole 

rim. This ends in ring structures w hen the drying is com plete . 

1 he se lf-assem bly  o f  m aterial, induced  by a dry hole nucleated  

during w etting  and dew etting  processes, has also recently been 

reported .21 The process is a com plex  phenom enon  which 

requires an o rgan iz ing  structure (bubble/ho le), and it involves 

hydrodynam ic  and surface effects. It will be d iscussed  e lse ­

where in detail.

S am ples  were also prepared  from the PtP so lu tions using 

C H C h /M e O H  m ixtures as the solvent. The film m orpho logy  

is altered by the presence o f  M eO H , as dem onstra ted  in Figure

4. In the films with only 3%  M eO H . ringlike structures are 

observed . At the edge o f  the film, w here  the porphyrin  

concen tra tion  is particularly  high, m any ring structures are 

observed  with a large distribution o f  ring diam eters (Figure 4A). 

M any  o f  the rings are fused  together, and the larger rings are 

s ignificantly  d istorted  from the c ircu lar  shape. N ear the cen ter  

o f  the sam e film, the ring density  is m uch low er and individual 

rings are easily observed  (F igures 4C ,E).

Further addition  o f  M eO H  to the PtP solution s ignificantly  

suppresses  ring form ation. For 6 % M eO H  solu tions, few rings 

are observed , but s tructures o f  m ic rom ete r  size cong lom era te  

o f  aggregates  are observed , especia lly  at the edge o f  the film;
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see F igures 4B ,D . Finally , at high M eO H  concen tra tion , e.g. 

28% , the C F M  im ages reveal a h igh  degree  o f  m ic ro m ete r  size 

depositions  su rrounded  by reg ions o f  no fluorescence, w hich  is 

portrayed  in F igure 4F.

T hese  results suggest that w etting  and dew etting  o f  the 

substrate  m ay play an im portan t role in the deposition  process. 

T w o  possib le  exp lana tions  for the suppression  o f  ring g row th  

by add ing  M eO H  can be suggested . First o f  all, the w etting  o f  

the glass substra te  by the so lu tion  should  be enhanced  in the 

presence o f  M eO H  due to its m ore polar and hydrogen-bond ing  

charac te r  than C H C h  (the initial size o f  the so lu tion d rop le t is 

observed  by eye to be s ign ifican tly  larger for the solu tions with 

h igher M eO H  content). The im provem ent o f  w etting  alters the 

th e rm o d y n am ics  o f  the liquid layer on the substrate  and m ay 

change  the rate o f  bubble  nuclea tion  and /o r  bubble  a ttachm ent 

to the surface. Furtherm ore , M eO H  appears  to alter the 

m olecu la r  packing  o f  the porphyrins  in the aggregate , and this 

m ay in turn favor the fo rm ation  o f  fiberlike assem blies  o f  

aggregates.

F igure 5 com pares  polarized  fluorescence  C F M  im ages o f  

porphyrin  rings prepared  from  C H C h /M e O H  solution. The 

horizonta lly  and vertically polarized  fluorescence  im ages are 

identical w ith in  experim enta l error. S im ilar  im ages have been 

obtained w hen the polarization o f  the excitation light is changed. 

The absence  o f  f luorescence  an iso tropy  in the C FM  im ages 

indicates that no ordered  structures could  be observed  w ith in  

the spatial resolution (ca. 400  nm  scale) and the instrum ental 

sensitivity .

Prelim inary  C FM  m easu rem en ts  have also been m ade for 

porphyrin  rings g row n  by evapora tion  o f  P tP /C H C h  so lu tions 

on a g raph ite -coa ted  co pper  grid. T he  results are highly 

consis ten t w ith  T E M  im ages o f  ana logous  sam p les .6 U n p o la r ­

ized (F igure 6 A) and horizonta lly  and vertically  polarized  

images (Figures 6 B.C) dem onstrate that the fluorescence proper ­

ties from  the porphyrin  rings on graphite  surfaces are analogous 

to those on glass surfaces. But on graphite  the structures appear 

m ore perfectly  c ircu lar-shaped  and m ost o f  the fluorescent 

m aterial is assem bled  in the rings and  not at the outside.

S c a n n in g  P ro b e  M e a su r e m e n ts . U sing scann ing  probe 

m icroscopy , a deeper insight into the m orpho logy  o f  solvent- 

evapora ted  porphyrin  thin film s has been reached. T w o  types 

o f  scann ing  force im ages have been considered , nam ely  non- 

contact A FM  and shear-fo rce  m icroscopy  m easurem ents .

Figure 7 portrays various scann ing  force im ages o f  thin films 

prepared from  the deposition  o f  PtP in C H C h  solutions on glass 

substrates. Im ages A —C correspond  to 2 x 1()~7 M PtP 

so lu tion , w hile  D —F correspond  to a 2 x 10-6  M solu tion , and 

G —I correspond  to 2 x 10“ 4 M. The w ell-fo rm ed  rings, 

ob ta ined  from the 2 x 10-6  M solution , vary in he igh t from  10 

to 200 nm and in d iam eter from 10 nm to 10 um. Images 7 A —C 

exhib it r ing-shaped  assem blies  that are built up from  individual 

isolated partic les like beads on a necklace. A lm ost every  ring 

has exactly  one larger particle on its edge. The rings are 

som ew ha t sm aller  in d iam eter  than those  prepared  from  higher 

concentra tion  solutions. The heights  o f  the beads that com prise  

m ost o f  the rings are substan tia lly  less than the he igh ts  o f  the 

w ell-fo rm ed  rings prepared  from  h igh-concen tra tion  solutions. 

N oncontac t A FM  (Figure 7A ,B ) and shear-force  m icroscopy  

(Figure 1C) exhibit very sim ilar topographic images, as expected 

for artifact-free imaging (in contrast to the situation for the films 

g row n  from  m ore concen tra ted  so lu tions; see below ).

A line scan  analysis  o f  the A FM  im age  F igure 7A is show n 

in F igure  8A for a line d raw n through  the edges  o f  one o f  the 

larger rings. Note that the level o f  the m aterial betw een  the 

rings and betw een  the beads on the rings is at the level o f  the
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F i g u r e  8 . S e l e c t e d  l in e  s c a n s  in  th e  t o p o g r a p h ic  i m a g e s  s h o w i  in 

F ig u r e  7 . ( A )  T o p o g r a p h ic  l in e  s c a n  in F ig u r e  7 A . ( B .  C )  T o p o g r a j  ic 

l in e  s c a n s  f r o m  a 1 0  x  10  u m  c u t o u t  o f  r e s p e c t i v e l y  part D  a n d  (  t 

F ig u r e  7 . ( D )  T o p o g r a p h ic  l in e  s c a n  f r o m  an  i m a g e  (n o t  p r e s e m  I) 

ta k e n  w ith  s h e a r - f o r c e  w ith  a c o a t e d  N S O M  p r o b e  o n  a  s a m p le  prep; J 

b y  s p in  c o a t i n g  a  2  x  1()-4 M  s o lu t io n .

glass substra te  and that the indiv idual beads are on the ordei f 

tens o f  nanom eters  for the sm alle r  beads. In F igures  9A ,F  a 

pair o f  s im u ltaneous  topograph ic  and f luo rescence  NSC 1 

im ages are show n for an identical region o f  2 x  10" 7 M samp 

These data confirm ed that each o f  the beads, including the sin e 

very large bead that com prises  each ring, is com prised  

porphyrin  m aterial. This  is particu larly  obv ious  in F igure 1 . 

w hich  is a c lose-up  o f  the m iddle  right ring in F igure 9B.

The scann ing  probe m easu rem en ts  on the 2 x  ! 0 ~7 M fi i 

are easily  in terpreted  in term s o f  the bubble- or hole-induc 1 
ring g row th  m echan ism s. Each  ring in the im age correspon  Is 

to an individual bubble  during  the evapora tion  or to a hi e 

fo rm ed  in the dew etting  process. T he  presence o f  one lai e 

bead or aggregate  on each  ring suggests  that this m ay be t ' 

nucleation site for the deposition. The incom plete  ring structi e 

and the relatively small ring height observed  for the films grow i 

from 2 x 10~7 M so lu tions are p robably  a result o f  the limit 1 

am oun t o f  PtP that is availab le  at this concen tra tion  during  ri g 

grow th .

T hese  in terpretations apply equally  well to the films gro\ n 

from  the 2 x  10~6 M PtP solu tions, fo r  w hich  A FM  images 

are show n in F igure 7 D —F. S im u ltaneous  shear-fo rce  ai d 

f luo rescence  N S O M  im ages are show n in F igure 9 D — . 

respectively . Parts D and E are s im u ltaneously  acquired 

topograph ic  and f luo rescence  im ages; F is a c lose-up  o f  the 

upper right ring o f  the previous figures. T he  indiv idual rings 

are generally  c losed  and h igher than the rings from  2 x 10 
M solutions; in som e cases they are fused together. A line scan 

(F igure  8 B) o f  the A FM  topograph ic  im age reveals  that the 

height o f  the sam ple  inside the rings is at the level o f  the glass 

substrate. A dditionally , reg ions o f  the sam ple  outside the rings
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F ig u re  9. N e a r - f i e ld  a n d  t o p o g r a p h ic  im a g e s  o f  e v a p o r a t e d  f i l m s  o f  P t P /C H C h  s o l u t i o n s  o n  g la s s .  T h e  b la c k  s c a l e  b ar  b e l o w  e a c h  im a g e  r e p r e s e n t s

1 u m .  ( A .  B )  T o p o g r a p h ic  a n d  c o r r e s p o n d in g  n e a r - f ie ld  im a g e  ta k e n  o n  a s a m p le  p r e p a r e d  b y  s o lv e n t  c a s t in g  o f  a 2  x  1 0 -7 M  s o lu t io n .  ( C )  

E n la r g e d  v i e w  o f  th e  to p  m id d le  r in g  d i s p la y e d  in B . ( D ,  E ) T o p o g r a p h ic  a n d  c o r r e s p o n d in g  n e a r - f ie ld  im a g e  ta k e n  o n  a s a m p le  p r e p a r e d  b y  s o lv e n t  

c a s t in g  o f  a 2 x  10 6 M  P t P /C H C h  s o lu t io n .  (F )  E n la r g e d  v i e w  o f  th e  to p  r ig h t  r in g  d i s p la y e d  in B . ( G , H , I) T o p o g r a p h ic  a n d  n e a r - f ie ld  im a g e s  

ta k e n  o n  a s a m p le  p r e p a r e d  b y  s o lv e n t  c a s t in g  o f  a 1 x  1 0 -4 M  P t P /C H C U  s o lu t io n .  H is  ta k e n  in th e  m id d le  o f  th e  d r o p le t ,  w h i l e  I is  ta k e n  at th e  

e d g e  o f  th e  s a m p le .  T h e  x  in G  in d ic a t e s  th e  p o s i t io n  w h e r e  s p e c t r a  w e r e  a c q u ir e d .  T h e  c o l o r  s c a l e  b e s id e  f ig u r e  H o n ly  a p p l ie s  fo r  I. F o r  I th e  

c o l o r  s c a l e  b e s id e  E  is  v a l id .

are e ither at the level o f  the glass substra te  or at a h igher level 

if the excess  material betw een the rings is present at that region 

o f  the sam ple.

T he  topography  and N S O M  im ages are highly corre la ted , 

suggesting  that the N SO M  data  are prim arily  a m easure  o f  the 

am oun t o f  porphyrin  material present. Note that the shear-force 

im age recorded with coated N SO M  tips exhibits lower resolution 

(b roader  rings) than the fluorescence N SO M . This is a result 

o f  the relatively poor topographic  resolution in the sam ple plane 

o f  the A l-coated N SO M  probe. The fluorescence N SO M  image 

has s ign ifican tly  better spatial resolution since it is lim ited by 

the optical aperture  size o f  the probe.

T he  presence o f  w eII-form ed rings for the 2 x  10-6 M 

solution indicates that in these h igher concen tra tion  so lu tions 

there is suffic ien t material for com ple tion  o f  the ring structure

during  the deposition  process. T he  excess  m aterial is p robably  

due to further deposition  o f  aggregates  after ring g row th  is 

com ple te . The apparent absence  o f  a single large nucleation 

site on each ring is in con tras t to that described  above for the 

2 x  1()-7 M films. This may reflect a different rate o f  nucleation 

for the h igher concen tra tion  solu tions, but a lternatively  may be 

a consequence  o f  the large am ounts  o f  material present in the

2 x  10-6 M rings w hich m ay include (and hide) the original 

nucleating  porphyrin  aggregate .

Even m ore excess  material be tw een  the rings is observed  for 

so lu tions deposited  from a 2 x  10-4 M PtP solution. T he  films 

represent a continuous structure with pinholes which correspond 

to small porphyrin  rings. The porphyrin  rings take on the shape 

o f  vo lcanolike  assem blies  that p ro trude above the con tinuous  

film; see F igures 7G ,H  and 8C,D. Figure 9 G —I represents
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Figure 10. S e l e c t e d  t o p o g r a p h ic  l in e  s c a n s  o n  a  2 //m le n g t h  s c a le .  

( A .  B )  L in e  s c a n s  ta k e n  fr o m  p a r ts  F  a n d  I o f  F ig u r e  7 . r e s p e c ­

t i v e ly .
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topograph ic  and fluorescence  im ages taken in different regions 

o f  the sam ple . Figure 9H is a f luorescence  im age taken at the 

cen ter  o f  the droplet, w here still w ell-fo rm ed  rings are present. 

W hile the fluorescence intensity in the rings is at the background 

level, the intensity betw een  rings is d istinctly  higher. T h is  can 

be exp la ined  by the presence o f  excess  m aterial be tw een  rings. 

At the edge o f  the droplet, the sm all p inhole like  structures that 

w ere observed  in A FM  are also observed  in the fluorescence  

im age (F igure  91). A possib le  exp lana tion  for the sm aller  

structure  size, observed  in both A FM  and fluorescence, can be 

related to the solution  density , w h ich  should  increase with the 

PtP concentration. This should affect the solution vapor pressure 

and ultim ately  its evapora tion  rate and also the dynam ics  o f  

the liquid film  on the glass.

C onsidering  the com plex  s tructure  o f  these films, w hich 

involves o rgan iza tion  on length scales ranging  from  the m o ­

lecular to nearly  the m acroscop ic , it is cha lleng ing  to define 

the structure  and organ iza tion  o f  these film s in w ell-defined  

term s. T hus  term s such as aggregate  size, film  m orpho logy , 

and surface sm oothness  are qualitative at best for these com plex  

m ateria ls . N evertheless , we have a ttem pted  to de te rm ine  a 

typical aggregate  size for the various f ilm s by using scann ing  

force m icroscopy  on a small scale (F igure  7F,I). For this 

analysis, we em phasize  the m ore concen tra ted  films and in 

particular the regions o f  these film s w here continuous porphyrin  

m aterial is present. For exam ple , for the 2 x 10-6 M films, 

there is little ev idence  o f  aggregate  s tructures that can be 

reso lved  by noncontac t A FM  or shear-force  m easurem ents . In 

o ther w ords, on the nanom ete r  scale, excep t for the ring 

structures, the film s appear  con tinuous  w ith  a sm ooth  profile, 

especia lly  in the regions o f  excess  m aterial be tw een  the rings. 

In particular, the im ages  do not exhib it the typical features o f  

reso lvable  indiv idual crysta lline reg ions such as sharp  edges 

and angular intersections. Line scans o f  these results are show n 

in Figure 10. For the 2 x  10-6  M films, noncontac t A FM  

(F igure  10B) reveals  a surpris ing ly  sm ooth  profile for the 

con tinuous  m aterial nearby  the rings. T he  data, therefore, 

indicate that the actual size o f  an indiv idual aggregate  m ust be 

less than the spatial reso lu tion  o f  these techn iques, i.e., < 2 5  

nm. The apparen tly  larger aggregates  that are clearly observed  

in the 2 x  10-4 M film  (see Figure 10A) are probably  

them se lves  assem bled  from m uch sm alle r  aggregates.
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Figure 1 1 . ( A )  S p e c t r u m  ta k e n  o n  th e  r im  o f  th e  r in g  s h o w n  in  F ig u r e  

7 C . A c q u is i t io n  t im e  6 0  s . ( B )  F o u r th  s p e c tr u m  in a r o w  w it h  a c q u is i t io n  

t im e  o f  6 0  s o n  th e  s a m e  p o s i t io n .  ( C )  D i f f e r e n c e  s p e c t r u m  o f  A  a n d  

B .

A ttem pts  have also been m ade to s tudy the aggregate  size o f  

the con tinuous  m aterial that is p resen t be tw een  the rings o f  the 

highly  concen tra ted  2 x IO-4 M films. N oncon tac t  A FM  

im aging  o f  these films was not successfu l due to unstable  

feedback  o f  the tip sam ple  separation  that apparen tly  resulted 

from  con tinuous  a ltera tion  o f  the sam ple  surface  by in teraction  

with the A FM  probe. T his  seem s to indicate  that the sam ple  

surface  is fragile, perhaps involv ing  a low -density  com posite  

o f  w eak ly  bound  aggregates . Shear-fo rce  im aging  in these 

regions, in contrast, w as accom plished  w ith  stable shear-force  

feedback , consis ten t w ith  the re la tively  w eak  sam ple  force 

interaction  for shear-force  m easu rem en ts .  T he  shear-fo rce  

topograph ic  im ages recorded  in the con tinuous  reg ion  be tw een  

the vo lcanoes  exh ib ited  a surface  roughness  o f  app rox im ate ly

10 n m  due to s tructures with apparen t w id ths o f  5 0 —100 nm, 

as show n in F igures 71 and 10A. It is unknow n  w he the r  these 

s tructures  are related to the aggregate  com posites  that are 

observed  in the films g row n from  the low er concen tra tion  PtP 

solu tions. The apparen t con trad ic tion  betw een  the relatively  

sm ooth  profiles seen by noncon tac t A FM  for the 2 x  IO-6  M 

film s and the re la tively  rough surfaces seen for the 2 x 10-4 

M films m ay be a further reflection o f  the com plex  m orpho logy  

o f  thin films that are prepared  from com plex  se lf-assem bly

‘ m echan ism s. T he  rough surface can be due to deposition  o f  

larger s tructures  built up from  sm alle r  aggregates . U n fo r tu ­

nately , the surface profile m easu rem en ts ,  especia lly  for the 

nan o m ete r  scale, m ay be partly affected  by artifacts due to the 

fragile nature o f  these films.

E m ission  spectra  taken  at the cross in Figure 9G o f  the film 

have been recorded  with excita tion  from an uncoated  N S O M  

probe (excita tion  spot size approx im ate ly  500 nm). F igure

11 A,B show s spectra  recorded  for a period  o f  60 s each during  

irradiation  on the edge o f  the porphyrin  ring show n in F igure 

7C. Figure 11A co rresponds  to the 60 s im m edia te ly  after 

irradiation was initiated, while F igure  1 IB was recorded  after 

irradiation  was in progress for a period o f  about 200 s. T hese  

data  and o ther spectra  recorded  during  the in tervening  period 

(not show n) exhib it a decrease  in the intensity  o f  the porphyrin
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F ;u r e  12. NSOM  polarized emission fluorescence images recorded on a sample prepared from a 2 x  10 -6 M solution. Nonpolarized excitation 
li ht was used in A and B, while in C and D linearly polarized light was used to excite the sample. (C) Emission detected in parallel polarization 
u h respect to the excitation. (D) Emission detected in perpendicular polarization with respect to the excitation. The scale bar below each image 
re resen ts  1 znn.

e lission with time due to photobleaching o f  the irradiated region

0 the ring. It should  be noted that the intensity scale in Figure

1 B is m uch  sm alle r  than that for F igure 11 A. T he broad 

b ckg round  em ission  that is especia lly  apparen t in Figure 1 1 B 

(lor exam ple  at 600 nm ) is essen tia lly  due to fluorescence  from 

tl e  uncoated  Fiber probe, not to the sam ple. T he  background  

e lission  has been rem oved  from the data by subtracting  Figure 

1 B from  Figure 11 A, resulting  in the correc ted  em ission  

spectrum that is show n in F igure  11C. At the position o f  the 

continuous film the spectrum  is similar. In particular no spectral 

shifts have been observed .

Parts A and B o f  F igure 12 are f luorescence polarization  

images acquired  using nonpolarized  excita tion  light. A lthough 

the intensity  scale o f  both im ages is different, the fluorescence 

distribution is s im ilar  in the tw o im ages. On the o ther hand, 

when linearly po larized  excita tion  light is used, different 

intensity distributions have been observed. Figure 12C,D shows 

prelim inary N S O M  polarized  excita tion  m easurem ents . The 

photoselection o f  small aggregates  (on the o rder o f  102 nm ) is 

observed in the fluorescence  im ages w hich were recorded  by 

the detection o f  the em itted light with parallel and perpendicular 

polarization with respect to the excitation. This  indicates the 

presence o f  o rder on the nanom eter  scale.

C o n c lu s io n s

Scann ing  confocal m icroscopy  and scann ing  probe m i ­

c roscop ies  have been used to charac terize  the m orpho logy  and 

m olecu lar  o rgan iza tion  o f  thin films grow n by evapora tion  o f  

so lu tions o f  the porphyrin  PtP. Several features in the im ages 

lead to new insights on the grow th  m echan ism  o f  porphyrin  

rings. For deposition o f  solutions o f  optimal PtP concentrations, 

ring-shaped assem blies o f  PtP were clearly observed in the films. 

For low PtP concentration , how ever, only partially form ed rings 

were present, and for extrem ely high PtP concentrations the ring- 

shaped  assem blies  are su rrounded  by excess  PtP material. 

P re lim inary  polarized  N S O M  im ages show ed  the presence o f  

o rdered  structures on the nanom eter  scale upon photoselec tion  

o f  small aggregates . The indiv idual aggregates , how ever, are 

random ly  oriented , indicating  that the rings are an am orphous  

conglom erate  o f  aggregates. Several features in the im ages lead 

to new insights on the grow th  m echan ism  o f  porphyrin  rings. 

Separate  spectroscopic  m easu rem en ts  on the PtP solu tions used 

for ring preparation  lead to several indications that these 

so lu tions contain  nanom ete r  scale porphyrin  aggregates .

T he  data are d iscussed  in term s o f  tw o possib le  m echan ism s 

involved in the ring formation: a m odel that is based on induced 

bubble aggregation and a model based on hole-assisted assem bly



during  the dew etting  phenom enon . The results indicate that 

the nuclea tion  structures p robab ly  result from  prefo rm ed  p o r ­

phyrin  aggregates.
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