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A simple technique for precisely controlling the interfacial energies and wetting be- 
havior of polymers in contact with solid surfaces is described. End-functionalized 
statistical random copolymers of styrene and methylmethacrylate were synthesized, 
with the styrene fraction f varying from 0 to 1, and were end-grafted onto silicon 
substrates to create random copolymer brushes about 5 nanometers thick. For f < 0.7, 
polystyrene (PS) films (20 nanometers thick) rapidly dewet from the brushes when 
heated well above the glass transition temperature. The contact angle of the resulting 
polymer droplets increased monotonically with decreasing f. Similar behavior was 
observed for poly(methylmethacrylate) (PMMA) films but with an opposite dependence 
on f. The interfacial energies of the random copolymer brushes with PS and PMMA 
were equal when fwas about 0.6. Thus, precise control of the relative surface affinities 
of PS and PMMA was possible, demonstrating a way to manipulate polymer-surface 
interactions. 

T h e  hehavior of multicomponent systems 
a t  s ~ ~ r f a c e s  or interfaces can  differ sienifi- 
cantly fro111 that  in  the  bulk hecause of 
t~referentlal  affinities of one  or more com- 
ponents to the  interface. This  occurs in  
silllple fluid mixtures ( 1 ,  2 ) ,  complex flu- 
ids such as polymer blends and copolymers 
(3%9), and biological systems (10)  and 
gives rise to  a \\-iiIe rallge of iluportant 
phenolllena such as surface enrichment,  
s~~rface-directed spinodal decomposition, 
s~~rface- induced ordering and orientation, 
crltical point wetting, and adhesion. Al- 
though these phenomena have heen stud- 
ied extensively a t  interfaces \\-here strong 
segregation occurs (such as a t  v a c u u n  or 
solid interfaces), controlling or even neu- 
tralizing the  differential surface affinities 
may he highly desirable in  order to  elicit a 
specific response of a material a t  a n  inter- 
face. Hov-ever, little work has heen done 
o n  controlling the  relative affinities of the  
components of a n  interface. Here Lve report 
that interfacial energies of polymers at a solid 
surfice can be manipulated hy end-grafting 
statistical ra~ldolll copolymers onto  the sur- 
$ace, \\-here the chemical colnposition of the  
copoly~ner can he controlled hy synthesis. 
This strategy for surface lllodification is hoth 
silnple and versatile and can he extended to 
a !vide range of polymers. Dervetting and 
contact angles \\-ere measured for thin 
styrene (PS) and poly(methy11nethacry1ate) 
(Ph lh lA)  films on silicon substrates coated 
1ylt11 end-grafted layers of the corresponding 
styrene and methylmethacry1ate random co- 
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polymer, denoted P(S-r-MMA). 
Surfaces with a controlled polar charac- 

ter have heen prepared previously with self- 
asselllhled lnonolayers (SAhls)  made from 
mixtures of n-alkane thiols with polar and 
nonpolar end groups ( 1  1 ). SA?\.Is are well 
suited to controlling the  netting properties 

Functionalized Styrene Methy- 
TEMPO nitiator methacrylate 

Scheme 1. 

of small-molecule f l ~ ~ i d s  because the crystal- 
line packing of the  alkane chains ~uakes  the  
surface atomically flat and ~mpenetrahle.  
Although this approach may he used to 
control the  surface hehavior of polymer 
hlends and hlock copolymers, the  use of 
random copolylner hrushes has several dis- 
tinct advantages. T h e  ability to  create a 
surface that consists of the  same lllonomers 
as fo~und in a particular blend or copolymer 
1s a great simplification and guarantees tun- 
ah~l i ty  over a !vide range of surface affini- 
ties, incl~lding ne~~t ra l i ty .  Polymer chaills 
undergo a large conforlnational entropy loss 
at a solid interface, \\-hereas a penetrable 
polymer b r ~ ~ s h  reduces the  entropic driving 
force for de\\-etti~lg, improves adhesion, and 
ensures that the  brush-polymer interactions 
are averaged over a large volume. B e c a ~ ~ s e  
the  polymer hrushes are amorphous, surface 
coverage will he uniform, and the  detailed 
structure and ~norphology of the  brush are 
not  important. 

T h e  use of randor11 copolymers to modify 
and control the  interactions l ~ e t ~ v e e n  uoly- . , 

mers and a surface has been exalllined pre- 
\~iouslv ( 12, 13 ) .  These studies she\\-ed that 
a r ando~n  copolymer can ruodify surface 
interactions, hut the  method useii-casting 
a randolll conolvmer film o n  a surface-mas 

L ,  

far from ideal. Because the  rand0111 copoly- 
mer chains \\-ere not chemicallv attached to 
the  surface, they could iiiffusk alvay from 
it. In addition, random copolymers pre- 
pared by a free-radical polymerization have 
a broad molecular \\-eight distribution 
iMWD).  

Control of the  ~nterfiacial energy ~ v i t h  
anchored raniiorn copolymer chains having 
lo\\- polydispersities is delnonstrated here. 
P(S-r-?\.I?\.IA) random copolymers Lvere pre- 
pared \\-ith narro\v M\VDs hy a "living" 
free-radical polymerization technique using 
a ~lnimolecular initiator hased o n  2,2,6,6- 
tetrarnethylpiperidi~~ylc~xy (TEhIPO) (1 4- 
17) .  Polymers synt11esi:eiI ~ v i t h  this initiator 
are terrninateil on one end \\-it11 a moiety 
containi~lg a hydroxyl ( O H )  group and o n  
the  other end ~ v i t h  the TEMPO group 
(Scheme 1 ) .  T h e  OH group is used to  end- 
graft the  chaills to the native silicon oxide 
laver. 

End-functionaized 
random copolymer 

T h e  characteristics of the  copolymers used 
in this study are shown 111 Tahle 1. 

Solutions of the  random copoly~ners in  
t o l ~ ~ e n e  (10h w/v) \\ere spin coated at lC00 
rpm onto silicon ~vafers, yielding films -60 
nm thick. T h e  silicon ~vafers \\-ere first 
cleaned hy a procedure described else\vhere 

Table 1. Copolymer characterst~cs. M,, and M,, 
are tlie wegli i- and number-average MWDs. 

?Polymer was syntheszed by a group-transfer poymer- 
za ton and not a TEMPO poly~ner~zat~on. 
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and contained a thln (-1.5 nm) native oxide 
layer at the surface (1 8). The polymer-coated 
substrates were then heated uniler vacuum at 
14G°C, ~vell above the glass transition temper- 
ature (T,) of both PS and PklMA, to allow 
the termha1 OH groups to iliffuse to and react 
with the native oxide layer. The s~thstratcs 
were removed from the oven after 2 days and 
iluenched to room temperature. ~ n a t t a c h e d  
polymer chains Lvcre removeii hy repeated 
rinsing n i th  toluene. The  th~ck~less  of the 
grafted layers as measured by ellipsometry was 
-5 ,in. This tllicklless is approximately twice 
the radius of gi-ration of the grafted chains and 
corresponds to a grafting density of -3 nm' 
per chain. 

T h e  grafted P(S-r-hlhlA) layer thick- 
ness (Fig. 1 )  sho\ved an  initial rapld 111- 

crease with annealing tilne that slowed 
markedly after -24 hours. This result is 
similar to that ohserved hy Reiter 21 al. ( 1  9 )  
and suggests that 01-er long periods, the  
attachment of additional chains is hindered 
by the large entropic harrier associated ~ i t h  
the stretchmg of the  existing grafted chains. 
T h e  hrush thickness was highly uniform 
over the  entire area of each substrate 
(?2%)  allii was independent of the  thick- 
ness of the lnitlal P(S-r-?\.I?\.IA) fdrn cast 
onto  the  surface as lone as this thickness 
was at least several times the ultimate 
thickness of the grafted layer. 

Co~l t ro l  exneriments were verformeii to  
ensure that the copolymers w r e  actually 
grafted onto the surface hy the  terlnnal OH 
group (20).  PS and P?\.IhlA hoinopolyiner 
films \yere slxn-coated onto  brushes of PS 
and PhlhIA, respectively, and annealed for 
24 hours at 17Q°C. After thorough rinsing 
\vith t o l ~ ~ e n e ,  a film havlne a thickness 
approxlinately eclual to  that of the original 
PS or PMMA l~rush was fo~lnii. This sho\vs 
that the nolvmcr reinaills attached to the 
substrate ;under the conditio~ls used in sub- 
sequent experiments. 

Fillus of perde~~terated PS (M,, = 

27,L100) and pcrdeuteratcd PMMA (XI,, = 
18,0L?L1) with thicknesses of -2L1 nin mere 
spill-coated directly onto  the  surface of sub- 
strates to which the  P(S-s-MMA) had heen 
anchoreil, where the  styrene fraction f was 
varied from L1 to 1 o n  different substrates. 
T h e  samples mere thell annealed in vacuum 
at  17Q°C. After 24 hours, samples coated 
\\.it11 PS relnaineii shiny and reflective o n  
brushes n l t h  J > L1.7 hut hecalne progres- 
sively hazler nit11 decreasi~lg f for J < 0.7. 
T h e  haziness a r m s  fro111 de~vettlng and 
droplet fornlatioll of the  PS o n  the  surface. 
T h e  opposite behavior mas found in the 
case of PhlhlA homopolymer films; these 
samples liecame hazier 1~- i th  increasing f for 
f > L1.S and remained reflective for f < L1.S. 
These sitnple ohservations provide compel- 
ling evidence that the  interactions hetween 

the  homopolymers and the  hrush can he 
finely tuned hy varying f. Autophohic den-  
ettillg (1 9, 21 ) mas not seen with the  ho- 
mopolymers of lower b[,, hut mas observed 
with increasing holnopolyiner b[,,. 

Contact angles mere measured o n  the  
droplets in ~le\vetteii f~l lns  by atolnlc force 
microscopy (22)  a t  room temperature (he- 
lm\- the TY1s of both hoinopolyiners) and 
xe re  repeated after fr~rther annealing at  
170°C to  ensure that the salnples {yere 
equilibrated (Fig. 2) .  T h e  error bars repre- 
sent the stalldard deviation for all dronlets 
lneasilred o n  a given sample. T h e  contact 
angle increases with increasing degree of 
chemical inisll~atch bet~veen the  homopoly- 
lner layer and the  grafteii ralldoin copoly- 
mer. T h e  interfacial tellsioil y,i hen-een  
homopolymer i ( j  = S or M for PS and 
P?\.I?\.IA, respectively) and the  random co- 
polymer hrush n i t h  styrene content f can be 
obtaineil from the  measured contact angle 
hy using Young's equation (23)  

yj; = y; - yj  cod,!  ( 1  

\\,here y ,  and y are the surface tensions of 
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Fig. 1. Grafted layer tliickness as a functon of the 
anneang time for Iiydroxyl-termnated polysty- 
rene (IW~," = 1 x 10") at 140°C. 

the  l~omopolymer and the  ralliioln copoly- 
mer, and el, is the  contact angle for ho- 
lnonolvlner i o n  the  hrush n . ~ t h  stvrene con- L , ., 

tent f. y , ,  and y, Lliffer hy 1% at most, 
accordinc to the  literature 124). From ex- 
periments o n  hlock copolymers, ybl > y, 
(8, 9,  18).  Because the surface tensions 
depend o n  the  hi>\, temperature, and   so to- 
pic substitution and the analysis is sensitive 
to the ratio y,,/y,, literature values cannot 
he used to interpret the  contact angle data. 
Froin the measured contact angles of PS 011 

a P?\.I?\.IA brush and PMMA o n  a PS h r ~ ~ s h ,  
y,,/y, is estimateii as 1.L104 ? @.Pi22 at 
170°C. Us i~ lg  ys = 29.9 erg/c1n2 ( 2 4 ) ,  then 
yhl  = 3C.02 2 0.L16 erg/cm2. T h e  surface 
tensioil of P(S-r-hlhlA), yi, was taken to  be 

Fig. 3. (A) nterfacal energes y,: and y,,, and (B) 
l y ( f )  = y,>): - ySifor PS (circles) and PMMA (tr- 
angles) on a P(S-r-MMA) brush as a function o f f  
Tlie near-near varaton of l y  w~ th  f IS in keepng 
w~ th  theoretcal argulnents (26). 

Fig. 2. Contact angles (0) for PS (c~rcles) and 
PMMA (tr~angles) on P(S-r-MMA) brushes as a 
functon o f f  n the random copolymer. Tlie drop- 
let heght h and dameter d = 2r were measured 
for 10 d~fferent droplets on each sample, and the 
contact angle was calculated by assuming a 
sphercal cap shape and usng the formula cose = 

1 - 2(h!r)'. For a typca droplet. h was -150 nm, 
r was -10 (Am, and h << r. 

Fig. 4. Advancing ( s o d  c~rcles) and receding 
(open crces) contact angles for water (8\,) on the 
random copolymer brusli surfaces as a function 
o f f .  
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the  melghted average of y, and ys (25).  
Therefore, 

T h e  resulting interfacial energies ysi and 
yhlf and the  interfacial energy difference 
Ay ( f )  = yhlf - ysi are shown in  Fig. 3, A 
and B. yxlf = ysf at f = G.57 2 G.G5. T h e  
uncertainty in f results from uncertainties in  
the  contact angles. W h e n  ysf = yhli, t he  
interactions between the  polymers and the  
surface are balanced and the  surface is neu- 
tral. Thus, grafting a random copolymer 
brush ~ i t h  this composition onto  a surface 
will produce a surface with n o  oreferentlal 
affinity for either component. 

Because the  homopolyiner penetrates 
several nanometers into the  random conol- 
ymer brush, these experiments do not  pro- 
vide information o n  the  comnosition of the  
random copolvmer immediately at the  sur- 
face. X-ray photoelectron spectroscopy can- 
not provide ouantltatlve informatlon, be- 
cause M M A  portions of the  random copol- 
ymer can decompose in  the  x-ray beam. T o  
address this, the  contact angle of water (OU) 
o n  the  randoin copolymer brush surfaces 
was measured as a function o f f  (Fig. 4). 6, 
increased inonotonically with the  styrene 
content of the  copolymer, possibly saturat- 
ing at higher values off .  These results show 
that the surface energy can be tuned pre- 
ciselv between that of PS and PMMA, and 
tha t ' t he  composition of the  brush a; the  
surface is quite similar to  that in the  interior 
of the  brush. 

By simply varying the  composition of a 
random copolylner grafted onto  a surface, 
the  wetting behavior of a homopolymer o n  
that surface can be changed in  a highly 
controllable fashion. This technique should 
prove especially usefitl for controlling the  
surface behavior of polymer blends and 
block copolymers, because the  relative sur- 
face affinity of the  two components can be 
precisely controlled. Thus, it is a simple 
matter to  produce a surface having non-  
preferential interactions for a given pair of 
polymers. This method is applicable to  any 
pair of polymers for which a n  end-func- 
tionalized random copolymer can  be pre- 
pared in  a well-controlled fashion. Othe r  
architectures besides linear copolymeriza- 
t ion may also be used, such as graft copol- 
ymers with controllable graft length and 
density. T h e  method discussed here should 
also be usef~tl in  controlling the  interfacial 
behavior of simple fluids and i n  modifying 
surfaces to  achieve biocompatibility. 
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Dinitrogen Bridged Gold Clusters 
Hui Shan, Yi Yang, Alan J. James, Paul R. Sharp* 

A family of dinitrogen complexes, [(LAu),(N,)12+ (L = a phosphine), with the dinitrogen 
unit bridging two clusters of three gold atoms have been prepared from hydrazine and 
[(LAu),(0)lt. Structural characterization of the PPhZ1Pr (Ph, phenyl; Pr, isopropyl) de- 
rivative shows a nitrogen-nitrogen single-bond distance indicative of hydrazido (NZ4-) 
character for the dinitrogen unit. The complexes can be reduced and protonated to give 
low [13% when L = PPh2Me (Me, methyl)] to quantitative [ loo% when L = P(p- 
MeOC,H,),] yields of ammonia, establishing that bonding of dinitrogen to six metal 
atoms can lead to facile cleavage of the nitrogen-nitrogen bond. 

M a n y  metal-N, complexes are known, the  
vast majority of which involve only one or 
two metal atoms, with just a few involving 
three metal atoms (Fig. 1 )  ( 1  ). Here, we 
report the  preparation and characterization 
of a family of N, complexes with six metal 
atoms, in clusters of three, bonding simul- 
taneously to the  N, unit. In  addition, these 
N z  complexes can be reduced and pro- 
tonated to give NH,, establishing that N z  
in  such an  environment can be activated, 
leading to reduction to  NH,. 

The  synthesis of the N, complexes- 
[(LALI)~(N,)]'+ ( I )  with L = PPh,Me, 
PPh,Et (Et, ethyl), PPh, ( 2 ) ,  P(p-MeC6Hj),, 
P(p-MeOC6Hj),, P(p-CF,C6Hj),, PPh,'Pr, 
or P(o-MeC6Hj),-involves the addition of 
excess (2 to 3 equivalents) anhydrous hydra- 
sine to dichloromethane solutions of 
[(LAit),(p-O)]+ (3) as BF4-, PF6-, or 
CF,SO,- salts 
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T h e  addition of diethylether or pentane to 
the  reaction mixtures gives the  products as 
thermally stable yellow to orange-yellow 
solids in  80 to 98% vield based o n  Au. T h e  
complexes were chaiacterlzed by elemental 
analyses and nuclear lnagnetic resonance 
spectroscopy (4) .  W e  determined the  struc- 
ture of three derivatives by single-crystal 
x-ray diffraction analyses. Two of these are 
salts of 1 with L = PPh, and showed ap- 
parent multiple phenyl ring and anion ori- 
entations. T h e  orientational disorder could 
not  be adequately modeled, and the  struc- 
ture of a third derivative was determined. 
T h e  structure of 1 with L = PPh,'Pr, as the  
B F 4  salt, is well ordered (5) (Fig. 2). T h e  
dication 1 in this structure is situated o n  a n  
inversion center, and the  overall core struc- 
ture is that of a trigonally elongated octa- 
hedron (a  trigonal antiprism) of A u  atoins 
with the  N,  lying a t  the  center along the  
trigonal axis. T h e  same core structure is c, 

observed in  the  disordered structures of 1 
with L = PPh,. 
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