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Reversible Tuning of Silver Quantum Dot 
Monolayers Through the Metal-Insulator 

Transition 
C. P. Collier, R. J. Saykally, J. J. Shiang, S. E. Henrichs, 

J. R. Heath* 

The linear and nonlinear (X'2") optical responses of Langmuir monolayers of organically 
functionalized silver quantum dots were measured as a continuous function of inter- 
particle separation under near-ambient conditions. As the distance between metal 
surfaces was decreased from 12 to -5 angstroms, both quantum and classical effects 
were observed in the optical signals. When the separation was less than 5 angstroms, 
the optical second-harmonic generation (SHG) response exhibited a sharp disconti- 
nuity, and the linear reflectance and absorbance began to resemble those of a thin 
metallic film, indicating that an insulator-to-metal transition occurred. This transition 
was reversible. 

Re c en t  developments in chemical tech- 
niques for producing narrow size distribu- 
tions of various metal (1) and semiconduc- 
tor (2-4) quantum dots, and for fabricating 
ordered superlattices from these nanocrys- 
tals, have sparked much interest in the pos- 
sibility of forming solids that have electrical 
and optical properties that could be tuned 
through chemical control over particle size, 
stoichiometry, and interparticle separation 
(5-10). In principle, control over interpar- 
ticle separation provides a means for con- 
trolling both quantum and classical cou- 
pling interactions. This is of practical im- 
portance because control of quantum inter- 
actions would provide a route to preparing a 
solid of quantum dot "atoms" and precisely 
tuning the electronic properties of that sol- 
id by controlling the wave function overlap 
between adjacent particles. Although re- 
cent reports have documented classical (en- 
ergy-transfer) coupling (1 1 ,  12) between 
semiconductor quantum dots (1 3, 14), 
quantum coupling has not been observed. 
Nor has quantum coupling been document- 
ed in coinage metal quantum dots, even 
though classical coupling [in the form of 
color changes (15)] and percolation phe- 
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nomena (16) have long been observed in 
such systems. 

Here, we describe in situ measurements 
of both the linear and nonlinear o ~ t i c a l  
properties of organically functionalized sil- 
ver nanocrystal Langmuir monolayers as a 
continuous function of interparticle separa- 
tion distance. As the monolayer is com- 
pressed from an average separation between 
the surfaces of the met$ cores (6)  of 12 
( 2 2 )  ,4 to -5 ( 2 2 )  A ,  the linear and 
nonlinear optical properties reveal evidence 
of both classical and quantum interpxticle 
coupling phenomena. Below 6 - 5 A ,  evi- 
dence for a sharp insulator-to-metal transi- 
tion is observed in both o~tic 'a l  signals. The 
nonlinear optical response abruptly decreas- 
es to a nearly constant value, and the linear 
reflectance drops precipitously until it 
matches that of a continuous metallic film. 
This transition is reversible: The  articles 
can be redissolved (as a colloid), or, if the 
trough barriers are opened, the film is again 
characterized by the optical properties of 
near-isolated silver nanocrystals. 

Silver auantum dots are ex~ec ted  to ex- 
hibit strong linear and nonlinear optical 
responses (1 7). The linear response is dom- 
inated by the surface plasmon resonance 
osl,. This transition, which has no molecu- 
lar analog, is characterized bv an oscillator u, 

strength resembling the physical dimen- 
sions of the particle (1 8). oS1, can be mod- 
eled as the free (valence) electrons in the 
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particle responding to an applied electro- 
magnetic field, with the positive nuclear 
cores providing a restoring potential. For 
particles in the size range considered here 
( 2  to 5 nm),  o,, is determined by the free 
electron density in the particle and by the 
dielectric surrounding the particle surface. 
The resonance width is determined bv the 
time scale for electron scattering a; the 
particle boundaries and is dependent on 
particle size. The physical picture describing 
the nonlinear optical response is somewhat 
different. Consider an electron cloud asso- 
ciated with a nanoparticle. x(') is a mea- 
surement of the polarizability of the cloud, 
which scales as the volume of the particle. 
X'L), the second-order susceptibility, is a 
measurement of how x(') changes with re- 
spect to an applied electric field. A require- 
ment for a nonzero x(') is a lack of inversion , . 
symmetry, a condition that is met by a 
supported monolayer of nanocrystals. x(') is 
almost exclusively sensitive only to the op- 
tical response of the crystallites and is a 
near background-free measurement. - 

Both the linear and nonlinear optical 
responses should provide excellent probes 
of interparticle coupling. When particles 
are brought into close proximity to one 
another, the dielectric surrounding a single - - 
particle is strongly modified by the presence 
of adjacent (conducting) spheres, resulting 
in shifts (to lower energy) of o,,. For quan- 
tum mechanical coupling, delocalization of 
charge carriers over mul t i~ le  narticles in- - 
creases the scattering lifetime and leads to 
narrower plasmon linewidths. In the limit- 
ing case of complete electron delocalization 
between particles (that is, the formation of 
a continuous metal film), strong carrier ab- , , 

sorption at energies below o,, and low re- 
flectivitv are ex~ec ted .  For examnle, con- 
sider the familiai case of thin meial films, 
which tend to be darkly colored. Only when 
a metal film is substantiallv thicker than the 
optical skin dkpth does it iecolne reflective. 

x(') should also be an excellent probe of 
interparticle coupling. ,4 nonlinear optical 
response is enhanced if the resonant state 
has both high oscillator strength and large 
volume (1 9-21 ), criteria that are satisfied by 
the particles discussed here. For classical cou- 
pling, local field effects should modify x(') 
according to multipole coupling models 
(22). In contrast, quantum mechanical cou- 

1978 SCIEI\'CE VOL. 277 26 SEPTEMBER 1997 w!v!v.sclenc 



pling requires finite electron density to exist 
between adjacent crystallite (positive) cores. 
Electron density models predict appreciable 
free-electron density beyond the hard sphere 
boundary of coinage and alkali metal parti- 
cles (23), making them excellent candidates 
for observing quantum mechanical coupling. 
As nanocrystals are brought close together, 
an increasing charge density builds up be- 
tween the particles. This charge density is 
well shielded from the positive cores and is 
then more susceptible to the electric field 
gradients applied by incident laser beams. 

Such experiments require particles that 
can form quasi-ordered monolayers on wa- 
ter and have sufficient compressibility to 
allow a range of interparticle separations. 
We used alkylthiol-capped silver nanocrys- 
tals (24); these particles are soluble in non- 
polar' organics, and the dominant interpar- 
ticle interactions are attractive dispersion 
forces (5). Several Ag particle size-ligand 
combinations were used, and we labeled 
them according to the size of the metal core 
and the number of carbon atoms in the 
linear alkyl thiol that passivates the surface. 
For example, 27 A silver cores capped with 
hexanethiol are denoted 27 &c6. All par- 
ticles are characterized by a size distribution 
width of - -+lo%. Most of the data dis- 
cussed here were obtained from 27 &clo, 
27 &c6, and 40 &c3 particles. The pres- 
sure (P)-temperature (T) phase diagrams of 
Langmuir monolayers of similar particles 
have been reported previously (24). In a 
phase diagram corresponding to particles 
with properties similar to those used here 
(Fig. I), the highly compressible "gas" phase 
consists of a microscopic structure of parti- 
cle islands and voids on the water surface. 
The pressure range between the gas phase 
and the collapsed monolayer phase corre- 
sponds to the region in which the interpar- 
ticle separation distance is changing. Note 
the negative d ~ / d T  slope of the boundary 
between the two-dimensional (2D) and col- 
lapsed 2D phases, which implies an entropy 
increase across the boundary. This is con- 
firmed by observations: The collapsed (bi)- 
layer is disordered, whereas the monolayers 
have some order, with domain sizes ranging 
from 0.1 to 1 pm2. At lower temperatures, 
higher pressure is required to collapse the 
2D phase, and the interparticle separation 
distance at the phase boundary is reduced. 
Thus, all experiments were carried out at 
15°C. 

All particles form strongly colored, clear 
yellow colloids. Because the particles are 
characterized by a strong optical resonance, 
a single monolayer is readily observed by 
eye. The gas phase has the appearance of a 
lightly hued, transparent film. For the 27 
&clo and 27 w6 particles, the monolay- 
er film is orange to red in color, and for the 

40 &c3 particles, it is purple (these optical 
properties are explained below). Upon com- 
pression, the 2D phase takes on the appear- 
ance of a continuous, shiny film. Upon 
collapse, 2D-collapsed 2D phase bound- 
aries appear parallel to the mobile bamers 
of the Langmuir trough. Particle films, com- 
plete with phase boundaries and other den- 
sity gradients, can be lifted off intact as 
Langmuir-Schaeffer films, and particle sizes 
and separation distances can then be char- 
acterized by transmission electron micros- 
copy (TEM) (Fig. 2) (25). The 40 &c3 
films were not sufficiently stable to allow 
for TEM imaging (26), and interparticle 
separation distances for those films were 
estimated from the optical properties, the 
monolayer densities, and basic chemical 
considerations. Although the 40 &c3 par- 
ticles are not particularly stable, high-qual- 
ity films can be prepared from freshly syn- 
thesized particles. 

Several measurements could be carried 
out simultaneously as a particle film was 
compressed on the Langmuir trough: the 
surface pressure of the film (as P-area 
isotherms), linear reflectance or absor- 
bance, and the second-harmonic genera- 
tion (SHG) response. Thirty reflectance 
spectra (from 1.5 to 3.5 eV) were collect- 
ed, one every 12 s, during a compression 
cycle. A white light source was reflected 
from the surface of the Langmuir film and 
dispersed through a monochromator onto 
a diode array detector. For absorbance 
measurements, the white light was reflect- 
ed from a submerged mirror. The SHG 

8h Collapsed monolayer 

I Gas phase I 

Fig. 1. Surface pressure (T) versus temperature 
(T) phase diagram for closest-packing Langmuir 
monolayers of organically passivated metallic 
nanocrystals similar to those used here, adapted 
from (24). The pressure range labeled "con- 
densed, closest packed" corresp~nds to the re- 
gion in which interparticle distance is changing in 
the 2D monolayer. At lower temperatures, com- 
pression of the monolayer provides a larger dy- 
namic range of particle-particle separation dis- 
tances and closer ultimate interparticle separation 
just before monolayer collapse. 

signal was measured by reflecting a 5-pJ, 
50-ps pulse of s-polarized 1064-nm radia- 
tion from the monolayer (spot size, l mm). 
Laser fluences were reduced to prevent 
monolayer damage (27). Optical and po- 
larization filters were inserted in the beam 
path to measure polarization information 
and to make certain that only 1064-nm 
radiation was incident on, and only 532- 
nm radiation was collected from, the film 
surface. A fraction of the 1064-nm laser 
beam was directed through a potassium 
dihydrogen phosphate (KDP) crystal, and 
the resulting SHG signal was used to nor- 
malize for single-shot power fluctuations. 
The point-to-point stability of a 10-point 
averaged SHG signal on a static sample 
was better than 10%. Because of the 
strong overlap of o, with 532 nm, an 
SHG signal was readiPy obtained from the 
uncompressed monolayer. 

Two signals were monitored as a func- 
tion of area per particle for the 27 &c6 
particles: the surface pressure of the Lang- 
muir film (P) and the enhancement of the 
p-polarized SHG (Fig. 3A). The SHG was 
normalized to the (nonzero) signal observed 
for an uncompressed monolayer, such that 

- 
I0 nrn 

Fig. 2. TEM images of compressed films consist- 
ing of Ag particles, 27 A in diameter, cropped so 
that each frame contains 102 Darticles. (A) Video 
capture image (exposure, 0.03'3 s) of hex&ethiil- 
capped particles separated by -6 A. (B) Film im- . .  . 
age of decanethiol<apped p&icles separated by 
-12A. 
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t he  m a x i m ~ ~ m  in  t h e  SHG signal corre- 
sponded to  enhancement  by a factor of 
-500. T h e  structure of the  monola\-er a t  
any point of the  isotherm can he inferred 
from the  T-area curve. A t  the  noint where 
the  pressure begins to rise, t he  monolayer 
is continuous, and barrier compressio~l 
translates into decreasing t h e  interparticle 
separation ( the  condensed, closest packed 
7D phase of Fig. I ) .  Near  850 A', the  
monolayer is incompressible, and  f ~ ~ r t h e r  
barrier co~llpression leads to  monolayer 
collapse ( the  collapsed phase of Fig. 1). 
After monolayer collapse, the  film is again 
relatively co~npressihle until  t he  hilayer 
becomes continuous. 

Because the  SHG signal plotted in Fig. 
3A has been norma1i:ed to the  signal oh- 
serl-ed for a n  ~~ncompressed monolayer, the  
increase in  signal strength as the  monola\-er 
is compressed must originate from interpar- 
ticle coupling. Two aspects of the  SHG 
signal are important. T h e  first is the  large 
increase in the  SHG signal as the  monolay- 
er is com~ressed.  For a n  i so t ro~ ic  surface. 
pure s- or p-polarized radiation incident 
upon the  surface will p r o d ~ c e  only p-polar- 
ized output (28).  Thus, the use of s-polar- 
ised input and detection of p-polarised out- 
put constitutes a sensitive test for particle 

300 {/~\lff~~pil![\/i onset of 1'0 2001 ---,+colIapSe - 20 r 
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Fig. 3. (A) Suriace pressure of the Langmuir f m  
(n) and SHG signal enhancement as a function of 
area per particle for hexanethio-capped particles. 
The SHG has been normalized to the signal ob- 
served from the uncompressed monolayer. lndi- 
catlng that the enhancement originates from inter- 
pariicle coupling. (B) Change in i2, versus Dl 
2R, where D is the center-to-center partlce sep- 
aration distance and R is a partlcle radius. Also 
shown is a best fit of the curve expi-D) to the data. 
The exponential behavlor of , x:21 1 IS consistent 
with a quantum mechanical mechanism for inter- 
particle coupling. 

interactions in  the  plane of the  monola\-er. 
T h e  material-dependent parameter, 1 $') 1 ,  
is simply the  square root of the  SHG signal. 
T h e  change in  XG'  as a f ~ ~ n c t i o n  of inter- 
particle separation can he fitted to the  func- 
tion exp(-D) (Fig. 3B). This is the  func- 
tional form expected for the  decay of a wave 
f ~ ~ ~ ~ c t i o n  in the  presence of a central Cou- 
lornbic potential. This fit iruplies that  the  
SHG increase is related to the overlan of 
individual quantum dot lvave f~mctions.  Be- 
cause the  measured interuarticle seuaration 
distances are sufficiently close, wave func- 
tion overlap should be iruportant through- 
out the  comnressed reoion of the  isotherm. " 

T h e  second interesting feature of the  
data in Fig. 3A is the  sudden decrease in the  

u 

SHG signal that occurs well before mono- 
layer collapse. This discontinuity apparent- 
1)- correlates lvith a particular interparticle 
separation distance, but not  with some 
structural phase transition in the  th in  filru. 
Langmuir films of 27 A/Clo particles, which 
can be compressed to  a m i n i m ~ ~ m ~ i n t e r p a r -  
ticle separation distance of -10 A, do not  
exhibit su5h behavior. T h e  SHG generated 
from 27 A/C1? monola\-ers exhibits onl\- 
one-third as much enhancement upon fill11 
compression. It rises up to the  point of 
monolaver collanse and then exhibits a 
gradual decrease as the  compressed mono- 
layer relaxes into the  second layer. Lang- 
muir monolayers of the  40 A/C3 particles 

(2) SHG lncreaslng 

,' I 

Fig. 4. Ultraviolet-visible reflectance spectra from 
a Langmuir monolayer of 40 A parilcles passi- 
vated with n-propanethlo, collected in situ as the 
film was compressed. The dashed line corre- 
sponds to the reflectance of a clean water sur- 
face. Correlations with the nonlinear optical re- 
sponse are indicated. Below -5 A separation be- 
tween pariices. the reflectance spectra [i4) and 
(5)] begin to resemble that of a thln, metallic film. 
The decrease in reflectance and the disappear- 
ance of the strong surface plasmon resonance 
correspond to a discontinuity in the SHG signal 
similar to that shown In Flg. 3. A data were co -  
ected from an uncolapsed film, and the transtion 
was reversible. 

behave similarly to the  27 r\/C6 particles: 
X ( 2 )  rises exponeptiall\- (a t  a rate silllilar to 
that for the  27 A/C6 particles) upon com- 
pression, up to a particular interparticle sep- 
aration distance, a t  which point X '2 )  de- 
creases to a nearl\- constant value. O n e  
possible explanation for the  sharp discgnti- 
nuity ino the  SHG data for the  27 A/C6 
and 40 A/C3 films is tha t  the  energy gain 
from electron delocalisation becomes suf- 
ficient to  overcorne the  site (single-parti- 
cle) charging energ\-. This \vould corre- 
spond to  a n  insulator-to-metal transition 
(29 ,  30). 

If wave function overlap and insulator- 
metal transitio~ls are occurring in  some of 
these compressed monolayers, then the  lin- 
ear optical response should reflect this as 
well. T h e  linear reflectance-absorption data 
(collected as f ~ ~ n c t i o n s  of size, li- 
g a d  length, and pressure) make up a corn- 
plex data set, and only the  most salient 
points are presented here. T h e  various par- 
ticle monola\-ers can he characterised by 
the  parameter D/2R, where D is the  separa- 
tion between adjacent particle centers and 
2R is the  diameter of a particle. D/2R does 
not  treat particle size independently and is 
thus an  approximation. Nevertheless, the  
follo\ving description is a reasollably accu- 
rate summary of our findings. 

Dilute solutions of particles are repre- 
sented by some limiting large D/2R value. 
By comprgssing monol~yers  of the  27 
r \ / ~ , , ,  27 A/C6, and 40 A/C3 particles, it is 
possible to  vary D/2R nearly continuously 
from - 1.7 to 1.1. As D/2R is decreased from 
the  liruiting solution-phase value to lb7 (an  
~~ncompressed,  continuous film of 27 A/C1, 
particles), o,, shifts from 2.8 to 2.55 e\/. As 
D/2R decreases from 1.7 to  1.2, ob, shifts 
from 2.55 to 2.2 eV, and the  reflectivity 
increases by more than a factor of 10. T h e  
"red shift" in  o,, and the  increased reflec- 
tivity as D/2R is decreased are both well 
described b\- a classical model that accounts 
for the  changing local fields around a par- 
ticle (31 ). Such a model predicts a contin- 
ued shift to lower energies and an  increas- 
ing optical reflectivity until D/2R reaches 
the  limiting value of I. Just below D/2R = 
1.2, however, the  trend is reversed; obp 
shifts hack to near 2.3 e\' and the  reflectiv- 
it\- drops sharply. A second experimental 
observation is the  depelldellce of the  line- 
width (r)  of o,, o n  D/2R. T h e  classical 
ruodel predicts very little change in r as 
D/2R decreases. W e  observe, however, that 
the  linewidth narrows by as ruuch as 30%. 
Line narrowing can be accounted for h\- a 
quanturu coupling model that invokes elec- 
tron delocalisation over adjacent particles 
b\- wave f~lnct ion overlap. This same model 
also accounts for the observed exponential 
increase of X") lvith decreasing D/2R. T h e  
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classical ruodel, o n  the  other hand, predicts 
a high-order polynomial dependence of xC) 
o n  D/2R. 

For D/2R < 1.2, there is a discontinuity 
in both the K(') versus Di2R trend and in the , . 
reflectance (absorbance) behavior versus D/ 
2R. Several spectra collected f;o111 a n  uncol- 
lapsed Langmuir film of 40 A/C3 particles 
are sholvn in Fig. 4. C p o n  initial compres- 
sion, the  film becomes more reflective, as 
described qualitatively above. In  this region, 
x(') is increasing exponentially. A t  the point 
where the SHG data exhibit a discontinuity, 
the  reflectance drops precipitously; in  the 
near-infrared, it is below measurable levels. 
This decrease in reflectivity is accompanied 
by a n  equally large increase in absorptivity. 
T h e  final reflectance spectrum is similar to 
that reported for thin, metallic silver films 
132) and indicates that the Lanmnuir film , , u 

has become metallic. 
Our  experimental data provide strong 

evidence for the  onset of qualltuln mechan- 
ical coupling between adjacent silver 
nanocrystals when interparticleo separation 
distances are reduced below 12 A, and for a 
reversible insulator-to-metal transition 
when the  particleo separation distance is re- 
duced below 5 A .  Our  observations thus 
provide evidence of quanturn mechanical 
coupling in  quantum dot superlattices. I n  
addition, this \vork constitutes an  examnle 
of a reversible metal-insulator transition in  
a solid-state system (33) under ambient 
conditions. These results imply the  possibil- 
ity of fabricating a new class of solids, com- 
posed of metal quantum dots, in  bvhich the  
electronic band structure of the  solid is 
"tailored" through the  adiust~nent of elec- 

u 

t r o n ~ c  wave f i lnct~on overlap between adja- 
cent gart~cles. 
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Regioselective Stepwise Growth of Dendrimer 
Units in the Internal Voids of a Main Dendaimer 
Christophe Galliot, Christophe barre, Anne-Marie Caminadel* 

Jean-Pierre Majoral* 

Dendrimers constitute a class of polymers with unique properties and applications 
resulting from the presence of internal voids and of a large number of functionalities on 
the surface. The development of a macromolecular chemistry within the cavities of 
dendrimers is illustrated here. Two examples of construction of six dendrimer units within 
the cascade structure of a main dendrimer are reported. The preparation of these 
multidendritic systems involves the regioselective modification of the framework of the 
central dendrimer to create internal reactive centers, followed by the stepwise synthesis 
of the six dendritic macromolecules. 

D u r i n g  the  past decade, there has been a n  
explosive growth in  studies of dendrimers, a 
new class of ~nacrolnolecules that call be 
considered as monodisperse, precisely or- 
dered polyfunctional polymers. Several ap- 
plications of these relatively soluble com- 
pounds have been proposed ( 1 ) .  Their re- 
markable properties result from the  pres- 
ence of a large number of chain-end 
functionalities that provide highly con- 
trolled surfaces and interfaces, and from the  
presence of internal voids allowing, for ex- 
ample, encapsulation of guest ~nolec~l les  ( 2 )  
or molecular recognition a t  specific loca- 
tions o n  the  cascade superstructure (3). 

A number of creative approaches to  the  
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synthesis of organic or inorganic "mono- 
dendrimers" have been reported (1 ). T h e  
reactivity of the  core has been used to  
couple two or more dendrons leading, for 
example, to  structures \{-it11 two dissimilar 
halves (4) .  Coupling of cascade macro- 
molecules through metal centers has also 
been achieved (5). Dendrons containing 
isophthalic acid units covalently attached 
to  a rigid aromatic spacer have been 
sholvn to  self-assemble through hydrogen 
bonding to  form a hexameric dendritic 
aggregate whose stability varies in  a gen- 
eration-dependent lnanner (6 ) .  Al l  these 
different routes to  his- or  multidendrirners 
(7) involve the  association of dendrons by 
their core. 

A n  alternative ~ ~ - a y  to  build multiden- 
dritic systems is based o n  the  use of inter- 
nal funct io~lal  groups of a dendrimer. T o  
apply such a concept,  it is first necessary to  
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