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1. Introduction 

Controlling the chemistry of a polymer surface is relevant to a broad range of U.S. Army systems 
in a wide range of environments.  An example of an unmet need for functional surfaces and 
coatings might be as simple as a vehicle coating with an embedded ability to self-decontaminate, 
particularly if the decontamination process could be remotely activated via an external variable 
(temperature, light, magnetic field, etc.).  In this example, following an exposure to a chemical or 
biological weapon, the coating functionality could be activated by exposing the vehicle to the 
appropriate condition, rendering it safe to the occupants and ready for use.  Other military 
applications include selective identification uses, antifouling, or possibly even selective 
alteration of mechanical properties in specific areas.   

Polymer surface functionalization has been approached in several different ways, including 
creating surfaces that are inhomogeneous or patterned or functionalizing portions of specific 
molecules so that they “bloom” to the surface of a film (1–3).  These techniques are versatile and 
can be very effective depending on the circumstance and strategy employed, but they have 
limitations that include scalability and longevity.   

The premise of the current research project is illustrated in figure 1.  The inherent characteristic 
of thermodynamic immiscibility o bined with the facile chemistry 
of the Diels-Alder reaction to create a dispersing agent (or ligand) that can be easily changed by 
simply elevating temperature.  A Diels-Alder reaction will be used to join two highly immiscible 
polymers to create a linear diblock copolymer ligand.  The blocks of the ligand will be chosen so 
when tethered to a nanoscopic particle, the outer block will be miscible with the polymer matrix 
into which the particles are to be mixed.  Once dispersed, the reversibility of the Diels-Alder 
linkage will be used to break apart the ligand, exposing the other block of the copolymer ligand.  
Because that block has been specifically chosen to be strongly immiscible with the matrix 
material, this will render the particles themselves immiscible in the polymer matrix, creating a 
driving force for phase separation to the nearest surface or area of high concentration of particles. 

2. Experimental 

f most polymers (4) will be com

A detailed description of the experimental procedures used in this work will soon be available; a 
synopsis will be given here (5).   

Poly(ethylene glycol) (PEG) was chosen as the outer portion of the diblock copolymer ligand, 
while poly(styrene) (PS) was chosen to be the inner portion.  A maleimide was added to 
commercially available PEG, while reversible addition fragmentation transfer polymerization
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Figure 1.  Schematic illustrating the effect of incorporating the Diels-
Alder moiety into the compatibilizing ligand for a 
nanoparticle additive.  From left to right, dispersed particles 
with block copolymer ligands, dispersed but immiscible 
particles immediately after dissociation of the Diels-Alder 
bond, and immiscible particles after migration. 

 

then fabricated by creating solutions of commercially available 2000 g/mol PEG homopolymer 
ld nanoparticles and allowing the solvent to evaporate, leaving bulk 
cause the Diels-Alder adduct used here is favored at temperatures below 

60 °C and the separate products are favored at temperatures above 90 °C, the critical change in 

characterized using contact angle and Rutherford 
n 

as 
ll 

spectra were fit and interpreted using the program RUMP (7).  Contact angles were recorded 

was used to make the PS block and address the need for a furyl-functionalized PS.  The PS block 
was also functionalized with a thiol so it could be attached to the gold nanoparticles.  The two 
blocks were then reacted together at 60 °C for several days, forming the block copolymer ligand. 

Gold particles were fabricated using a standard procedure (6).  Small-angle x-ray scattering 
(SAXS) and transmission electron microscopy (TEM) were used to measure particle size, which 
was found to be on average 10 nm in diameter.  TEM data were collected using a JEOL 200CX 
instrument operated at 120-kV accelerating voltage.  

The gold particles were functionalized with the diblock copolymer ligand by dispersing the 
particles and dissolving the ligand in toluene and stirring for several hours.  Bulk samples were 

and the functionalized go
films ~500 µm thick.  Be

morphology was induced by annealing the samples for various times at 90 °C under vacuum. 

The surfaces of the samples were 
backscattering (RBS) measurements.  RBS experiments were performed using 1.2-MeV He+ io
beams from an NEC 5SDH-2 tandem positive ion accelerator.  The backscattering angle w
170°, and the solid angle of the surface barrier detector was approximately 4 millisteradians.  A
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with image capture software written in LabVIEW and a charge-coupled-device camera.  High-
performance liquid chromatography-grade water was used, and individual measurements were 
made by outlining the drop with an arc and then recording the tangent angle formed at the 
substrate surface.  The bulk morphology of the samples were characterized using ultrasmall-
angle x-ray scattering (USAXS).  USAXS data were collected at the UNICAT beam line 33ID at 
the Advanced Photon Source (Argonne National Laboratory, Argonne, Illinois) (8).  All data are 
given as intensity I as a function of scattering angle q, where q = (4π/λ)·sin(θ), where λ is the 
wavelength and θ is 1/2 the scattering angle.   

3. Results 

Figure 2 shows a T  when drop-cast 
from solution onto a TEM g a for the bulk samples 
because of the waxy nature ular weight of the 
PEG matrix used here (200 olecular weight of 
PEG, which makes TEM sa anges in the visual 
appearance of the samples indicated that, when annealed, the samples underwent a bulk 

orphological transformation.  

EM micrograph of the ligand-functionalized nanoparticles
rid.  It was not possible to obtain TEM dat

 of the PEG matrices used in this study.  The molec
0 g/mol) is substantially below the entanglement m
mple preparation difficult.  However, ch

m

 

Figure 2.  A TEM micrograph of diblock copolymer-
functionalized gold nanoparticles after being 
dropcast directly onto a TEM grid (no PEG 
matrix). The addition of the copolymer ligand 
results in a uniform dispersion.   
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This implication was confirmed by USAXS, for which data are shown in figure 3.  The USAXS
data span two angular regimes of interest:  the very lowest angles (0.0001 < q < 0.01) and the 
more traditional small-angle regime (0.01 < q < 0.2).  In the small-angle regime, a Guinier 
“knee” is apparent. This feature is due to intraparticle scattering from the gold/ligand particle
additives (9).  This feature, from ligand-modified gold particles, was fit using a log-normal 
particle size distribution and the form factor for a solid sphere, giving the mean particle size of 
10 nm reported earlier.  The lack of any evidence of a deviation from the linear regimes at ver
low angles supports the assertion that the partic

 

 

y 
les are well dispersed in the PEG matrix (10). 
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Figure 3.  USAXS data showing no upturn at very low 
angles (large length scales), indicating that the 
gold nanoparticles are well-dispersed in the bulk 
PEG matrices before and after annealing.   

Figure 4 shows contact angle measurements of a sample having the same composite composition 
after being annealed for various times at 90 °C.  Anneal results in a clear increase in the contact 
angle of water on the surface.  The initial contact angle measurement is approximately that of 
pure PEG.  When the sample is annealed, the contact angle gradually changes, approaching that 
of PS.  This indicates that the composition of the sample surface is changing, which is attributed 
to migration of particles to the surface.  This migration would only be the result of a change in 
the miscibility of the dispersed particles, the result of the separation of the Diels-Alder linkage 
when the temperature of the sample reaches 90 °C.  
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Figure 4.  Contact angle data showing the increase in 
contact angle with annealing time, a result of 
increasing migration of the PS component of 
the block copolymer ligand to the surface of the 
bulk material.  The dotted curve is an 
exponential function fit to the data and should 
only be taken as a visual guide. 

The RBS data shown in figure 5 clearly support this interpretation and confirm the migration of 
gold to the sample surface.  The data recorded in the highest energy channels (farthest to the 
right) result from the presence of high atomic number atoms (here, gold) within 2 µm of the 
sample surface.  Anneal  °C causes the appearance 
of a peak at the surface, indicatin oes result in a 
nonequilibrium condition within icles to the surface of 
the film.  Moreover, this change in s ents 

 

ing the samples for longer periods of time at 90
g that breaking the Diels-Alder adduct d
 the material that drives the gold nanopart

urface character is not observed in control experim
where the block copolymer is formed with a temperature stable linkage between the PS and PEG. 
This clearly shows that severing the Diels-Alder linkage is the fundamental step that results in a 
change in the morphology of these materials in the bulk. 

4. Conclusions 

Here it has been shown that by incorporating a Diels-Alder linkage into a diblock copolymer 
ligand, one can control the miscibility of a particulate additive in a low molecular weight 
polymer matrix.  By heating the samples to 90 °C, where the Diels-Alder linkage is not favored, 
the particles can be converted from being miscible to being immiscible.  This results in a strong 
driving force for the particles to move away from the matrix.  This driving force is satisfied by  
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Figure 5.  RBS data for a 2000 g/mol PEG matrix 
containing 4 weight-percent gold 
nanoparticle/block copolymer ligand additive.
The increase with time of the peak between 
channels 400 and 450 indicates the migration 
the gold particles to the film surface. 

  

of 

the accumulation of the particles at the sample surfaces.  Migration of the particles was 
determined by contact angle measurements and RBS experiments.  The dispersed nature of the 
samples before and after annealing was indicated by USAXS measurements. 
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