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Surface-Activated Nanoparticles for Controlled 
Light-Responsiveness
 Most of the optical properties of nanoparticles (NPs) depend on a nonad-
ditive effect, where there is a maximum (or optimum) value at a specifi c 
distance from the NP surface (proximity length). However, knowledge on the 
relation between the specifi c surface layer and light responsiveness of NPs 
is limited. In this study, surface properties of NPs are modulated by electron 
beam (e-beam) treatment together with ionic control of the NP surface and 
dispersing media. The surface modifi cation in terms of the proximity length 
is found to be critical to the selective enhancement of light absorbance in the 
ultraviolet-visible (UV-vis) and terahertz (THz) regions. In particular, the non-
temporarily electron-activated NPs absorb short wavelength UV-vis light, ren-
dering them particulary advantageous for solar energy use. The control over 
the physical properties of general light-responsive NPs is a new approach to 
designing solar-energy-based technologies. 
 At present, only limited materials are available for solar energy 
utilization. Therefore, expansion of the availability of photo-
active materials for light energy use is important, for which 
effective metamaterial design can be a solution. Materials of 
preferably high absorbance in the short wavelength UV-vis 
spectrum are advantageous for solar energy utilization, because 
the solar spectrum reaching the earth is concentrated in this 
region. [  1  ]  To control the light-responsiveness of nanostructured 
materials, size and shape effects have been broadly studied. [  2  ]  
In addition, optical properties of nanoparticles (NPs) are domi-
nated by their surface properties which become more impor-
tant as the NP size decreases. At frequencies of hundreds of 
gigahertz and lower, the electron is the principal workhorse, 
whereas in the infrared (IR) to ultraviolet-visible (UV-vis) 
region, the photon is the fundamental particle. Between these 
two regimes, in the “terahertz gap”, few natural materials are 
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responsive. [  3  ]  However, by the electron 
behavior of designed metal surfaces such 
as gold or copper, the electromagnetic 
properties are generated within this gap. [  4  ]  
By designing effective metamaterials, [  5  ]  the 
absorption yield in microwave, [  6  ]  terahertz 
(THz), [  7  ]  and infrared [  8  ]  frequencies are 
enhanced. Moreover, by utilizing surface 
plasmon resonance in metallic nanostruc-
tures, [  9  ]  the responsiveness in the UV-vis 
spectrum can be modifi ed. 

 Some nanometer-scale properties are 
additive and others are cooperative. Many 
optoelectronic properties of metal NPs 
are cooperative, thus the maximum (or 
optimum) values are determined at a cer-
tain critical depth,   λ   (proximity length), by 
the relation, [  10  ] 
 I(x) = I∞ − (I∞ − Ir )e−(x−r )/λ
  (1)   

where  x  is the distance from the particle surface,  r  is the phy-
sical size of the particle,  I r   is the molecular value ( x   =   r ), and  I   ∞   
is the bulk value per unit surface area ( x   =   ∞ ). Therefore, a bulk 
intrinsic property,  I ( x )/ I   ∞   can be evaluated according to the 
ratio of NP size to proximity length,  r /  λ  . For one of the optoe-
lectronic properties, conductivity, the   λ   is inversely proportional 
to the square root of the frequency. [  11  ]  Colloidal quantum dots 
and NPs are dispersed and utilized in the solution.  Figure    1  A 
illustrates typical layers around a single particle dispersed in a 
solvent: the surface charge of a particle (Layer I), the Stern layer 
(Layer II), and the diffuse layer (Layer IV). [  12  ]  In the middle of 
the diffuse layer, the zeta ( ζ )-potential is defi ned at a specifi c 
distance from the particle surface (Debye screening length, 
Layer III). [  13  ]  The  ζ -potential is determined by the electro-
phoretic mobility (m 2  V  − 1  s  − 1 ) using the Smoluchowski relation 
when the dispersing medium is water. The hydrodynamic size 
( D  H ) of a particle in the medium is evaluated by the Stokes–
Einstein relation by the weight average diffusion coeffi cient of a 
particle ( D , m 2  s  − 1 ).  

 The stability of the dispersed particles is controlled via par-
ticle interaction, changes in pH of the media, ionic strength, 
type of electrolytes, etc. [  14  ]  The surface charge of the particles is 
controlled by surface ionization and adsorption/dissolution of 
the ions in the media. [  15  ]  Increases in the electrostatic double 
layer thickness and/or  ζ -potential result in increased electro-
static forces among the particles. [  16  ]  Considering that the mean-
square distance ( <  L  >  2 ) is proportional to the time ( t ) related 
with the diffusion coeffi cient ( D ) ( <  L  >  2   ∝   Dt ), NP movement is 
much faster than that of microparticle with units of seconds as 
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     Figure  1 .     A) Layers around a charged particle. Layer I: the surface charge of a particle is determined. Layer II: stern layer where oppositely charged 
ions from the particle surface form a layer. Layer III: the  ζ  potential is determined in the middle of the diffuse layer, where  D  H  is determined. Layer 
IV: an electrostatic fi eld is formed from the strong particle surface to the end of the diffuse layer. B)  D  H  and  ζ  potential of the AuNP-COOH (upper) 
and AuNP-NH 2  (lower) systems after e-beam exposure for 0, 5, and 15 min. The insets are the TEM images of each AuNP. C) Surface-modifi ed gold 
nanoparticles (AuNPs) reacting in acidic and basic conditions. In acidic conditions, H  +   is provided by the environment, whereas in basic conditions, 
H  +   is removed from the AuNP surface. Electron beam effects on the anionic and cationic AuNPs in pH-controlled conditions. The provided electrons 
are expected to neutralize the positive ions in acidic condition and promote negative ions in basic conditions.  
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opposed to years. The agglomeration and stability of dispersed 
particles are determined by the equilibrium between attrac-
tive van der Waals forces and electrostatic repulsive forces. [  17  ]  
Since the van der Waals adhesion or binding energies increases 
with increased particle size, [  14  ]  the physical properties of NP 
are less susceptible to the particle aggregation than micropar-
ticles. Therefore, NPs are much faster in movement and less 
aggregated than microparticles, for which the surface proper-
ties dominant. 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2212–2217
 In this study, cationic and anionic gold NPs (AuNPs) of 
a fi xed size (average diameter of 20 nm) were suspended in 
pH-controlled aqueous solutions, followed by electron-beam 
(e-beam) treatment to modulate the surface properties. Once the 
Stern layer is saturated by ions provided from the environment, 
the excess ions contribute to the diffuse layer, affecting the 
 ζ -potential of the NPs. The effects of acidic and basic solvent 
on the surface-modifi ed AuNPs are illustrated in Figure  1 C. 
Depending on the introduced functional groups on the AuNP, 
2213wileyonlinelibrary.combH & Co. KGaA, Weinheim
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absolute isoelectric point varies. Nonetheless, the qualitative 
ionization tendency of an carboxylic acid- and amine-functional 
groups on AuNP surface follows a general trend. When ani-
onic AuNP is dispersed in an acidic solvent from which H  +   
is provided, the neutralized AuNP–COOH is preferable to the 
charged AuNP–COO  −  . Conversely, in basic solvents, charged 
AuNP–COO  −   becomes advantageous. Similarly, for the cationic 
AuNP, the charged AuNP–NH 3   +   is abundant in acidic solvents, 
whereas the noncharged AuNP–NH 2  is preferable in basic 
solvent. [  18  ]  

 In Figure  1 B, the variations in  D  H  and  ζ -potential are inves-
tigated as a function of pH and e-beam exposure time. For each 
point in the graph, 40 runs were performed for one measure-
ment and three measurements were averaged within a  ± 5% devi-
ation. For clear comparison, the error ranges are not shown in 
the graph.  D  H  and  ζ -potential vary according to the pH, however 
overall variation is more signifi cant with the e-beam exposure 
up to 15 min. The  D  H  can be increased by the aggregation of 
neutralized AuNPs, but the increase in both  D  H  and  ζ -potential 
indicates the increase in the electrostatic layer on an AuNP. The 
isoelectric point where the  ζ -potential becomes zero, is marked 
by the horizontal dotted line on the right graph. The isoelec-
tric point approaches at around pH 4 for AuNP–COOH (the 
pK a  of acetic acid is 4.76). [  19  ] . Meanwhile, that of AuNP–NH 2  is 
slightly higher than pH 7 (pK a  of 6-thioguanine is 8.26). [  20  ]  The 
 ζ -potential increases in the negative direction with increased 
pH, allowing negatively charged particles to repel each other. 
However, as observed with both AuNP–COOH (from pH 4 to 7) 
and AuNP–NH 2  (from pH 7 to 10) without e-beam treatment (at 
0 min), the increase in electrostatic layer is observed. 

 The suggested e-beam effects on the surface-modifi ed NPs 
are illustrated in Figure  1 C. In an H  +   abundant environment 
(under acidic conditions), the provided e-beam reduces the H  +   
concentration of the medium. Under this condition, ionized 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag

      Figure  2 .     A)  Equation (1)  fi tted to the experimental results to the AuNP–
ting parameters of the results in (A).  
AuNP–COO  −   becomes more dominant than neutral AuNP–
COOH. In an OH  −   abundant environment (at basic condition), 
the provided e-beam contributes to more ionized AuNP–COO  −   
in addition to increased OH  −   concentration of the medium. The 
application of e-beam in the AuNP–NH 3   +   system in an H  +   abun-
dant environment contribute to increase in neutral AuNP–NH 2  
as well as decrease in H  +   in the medium. Inversely, under basic 
conditions, neural AuNP–NH 2  becomes predominant by e-beam 
application with increased OH  −   concentration in the medium. 
The change in electrostatic double layer is sensitive to the media 
condition, [  21  ]  and the e-beam introduction modifi es the surface 
of the primary particle on which radical reaction can occur. 

 By the e-beam exposure of the designed AuNPs for 5 and 
15 min (Supporting Information), both the  D  H  and  ζ -potential 
of AuNP–COOH (Figure  1 B, upper) and AuNP–NH 2  (Figure  1 B, 
lower) signifi cantly increase. The e-beam treatment can effec-
tively increase the surface charge of the particle (Layer I), fol-
lowed by the increase in the electrostatic double layer (Layer 
II) and thus  D  H . The  ζ -potential of the samples shifts to the 
negative direction by the exposure to the e-beam, therefore, 
the e-beam effectively provides electrons to the AuNP-dis-
persed solutions. In addition,  D  H  increases proportionally with 
the exposure time, for both cationic and anionic AuNPs. The 
observed result indicated that the e-beam treatment systemati-
cally modifi es the surface properties of charged NPs in ionic 
solutions, increasing the thickness of the electrostatic layer. 

 Considering the radius  R  of a spherical NP and proximity 
length   λ  ,  Equation (1)  is rewritten as,

 

I(x)/I∞

= 3(R/r ){1 − (Ir /I∞) − 1} exp[−{(R/r ) − 1](r/λ)}]   (2)   

where  R  and  r  are replaced experimentally by  D  H  and the 
average core size of the AuNPs (20 nm), respectively (Supporting 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2212–2217

COOH and AuNP–NH 2  system of 0, 5, and 15 min e-beam exposure. B) Fit-
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     Figure  3 .     fs-THz spectrum of the AuNP–COOH and AuNP–NH 2  systems after e-beam expo-
sure for 0, 5, and 15 min. Frequency-dependent fs-THz absorbance of the A) AuNP-COOH 
and B) AuNP-NH 2 . Phase changes ( Δ  ϕ ) at 1 THz according to the C) solvent conditions and 
D) relative particle size ( R / r ).  
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Information). The bulk intrinsic property, 
 I ( x )/ I   ∞   is then plotted against the normalized 
size  R / r  by the controlled values of  I r  / I   ∞   and 
 r /  λ  . The simulated results are available in 
Supporting Information Figure S2. The bulk 
intrinsic property  I ( x )/ I   ∞   against the normal-
ized size  R / r  are dynamically changed by the 
changing the proximity length   λ   ( r /  λ  ) (Sup-
porting Information Figure S2A). Signifi cant 
decrease in   λ   (thus increase in  r /  λ  ) leads to 
the maximum  I ( x )/ I   ∞   value close to the point 
of  R   =   r . The variation of  I ( x )/ I   ∞   with the rela-
tive size,  R / r , is also plotted according to the 
designated  I r  / I   ∞   (Supporting Information 
Figure S2B). The increase in  I r  / I   ∞   signifi cantly 
affects the graph shape, but the change in  r /  λ   
has a relatively small effect in the given range. 
The experimentally obtained values are evalu-
ated by theoretical fi tting in  Figure    2  A. The 
fi tting parameters for each e-beam-exposed 
sample are summarized in Figure  2 B. The 
fi tting results are not differentiated by the dif-
ferent pH conditions but only by the e-beam 
exposure. With increased e-beam dose by the 
increased exposure time,  I r  / I   ∞   and  r /  λ   sig-
nifi cantly decrease. The decrease in  I r  / I   ∞   close 
to the unit means that the physical property 
at a specifi c distance  x  from the NP surface 
becomes close to the bulk value. The signifi -
cant increase in   λ   explains that the surface 
layer demonstrating a specifi c physical prop-
erty (here,  ζ -potential) becomes prominently 
thicker by e-beam introduction.  

 To investigate the light-responsiveness of 
the designed AuNPs, the fs-THz and UV-vis 
spectra are displayed in  Figure    3  . Frequency-
dependent fs-THz absorbance of the AuNPs 
are plotted to investigate AuNP activation in 
terms of photoconductivity (Supporting Infor-
mation) which is proportional to the trans-
mission at the THz wavelength. [  22  ]  Without 
e-beam exposure (0 min), the pH-controlled 
environment generates only slight difference 
in absorbance in THz spectrum (Figure  3 A,B, 
left graphs). This fi nding implies that only 
the change in pH is not crucial to the light-
responsiveness control of NPs. However, 

exposure to the e-beam for both AuNP–COOH and AuNP–NH 2  
signifi cantly increases the absorbance especially at pH 7 condi-
tion and in deionized-water condition, particulary at higher wave-
lengths. This indicates that e-beam introduction signifi cantly 
decreases the photoconductivity of the NPs dispersed in neu-
tral solvents. Regardless of the exposure time, once there is a 
change in light-responsiveness of the NPs the absorbance pat-
tern is similar, refl ecting that the physical property change by 
e-beam is qualitative and non-temporary.  

 The variations in the phase change  Δ  ϕ  at 1 THz are dis-
played according to the solvent condition (Figure  3 C) and 
normalized particle size ( R / r ) (Figure  3 D).  R  and  r  are 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2212–2217
experimentally replaced by the  D  H  and the physical size of the 
AuNP (20 nm), respectively. The frequency-dependent data 
provide useful information on the conduction mechanism. [  23  ] . 
High  Δ  ϕ  implies high excitation and ionization as well as effec-
tive absorbance of THz radiation of NPs, while low  Δ  ϕ  implies 
the opposite. Even under different solvent conditions, long 
e-beam exposure generates low  Δ  ϕ , refl ecting less effective 
excitonic states (Figure  3 C) in addition to the increase in nor-
malized particle size ( R / r ) (Figure  3 D). However, at the same 
e-beam exposure time, the decrease in  Δ  ϕ  is not directly pro-
portional to the increase in the normalized particle size ( R / r ). 
In terms of solvent, solution of pH 4 and 10 deactivate the 
2215wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     UV-vis spectra of the A) AuNP–COOH and B) AuNP–NH 2  systems after e-beam exposure for 0, 5, and 15 min.  
ionization of the NPs, indicated by the low  Δ  ϕ  values without 
(0 min) or short-time e-beam introduction (5 min). However, 
the degree of decrease in  Δ  ϕ  according to the e-beam exposure 
is signifi cant in deionized water and in pH 7 solvent, indi-
cating delocalized and non-conductive NP surface formation. 
The isoelectric points of the designed AuNPs vary; low pH for 
AuNP–COOH and neutral pH for AuNP–NH 2  (Figure  1 B). 
Nonetheless, both cationic and anionic AuNPs in deionized 
water and pH 7 solvent become more sensitive to the THz 
wavelength light than those under other solvent conditions. 
This result highlights the importance of the medium for the 
energy activation of NPs. Different from the pH-only control, 
the introduced e-beam fundamentally activates the NPs under 
the specifi c solvent conditions. 

 The designed AuNP–COOH and AuNP–NH 2  exhibit char-
acteristic optical behavior in the UV-vis region, as shown in 
 Figure    4  . In the pH-controlled ionic solutions, the charac-
teristic absorbance of AuNPs at around 540 nm signifi cantly 
decreases. However, e-beam introduction effectively activates 
the UV-vis absorbance of the AuNPs in the pH-controlled solu-
tions, especially at shorter wavelength regions. The change in 
UV-vis absorbance by e-beam is non-temporary and qualitative, 
thus, once there is a change in the absorbance pattern, it is 
similar regardless of the e-beam exposure time. The character-
istic peaks of AuNP–COOH become prominent at pH 4, where 
the neutral AuNP–COOH form is more preferable than the 
ionized AuNP–COO  −   form. On the other hand, all the AuNP–
NH 2  systems are signifi cantly activated by e-beams to enhance 
the absorbance in the UV-vis region. In particular, the absorb-
ance peak of AuNP–NH 2  shifts to a shorter wavelength region 
at high pH, where AuNP–NH 2  is more favorable than AuNP–
NH 3   +  . The e-beam introduction to the AuNP-dispersed solu-
tions promotes the absorbance in the UV-vis spectrum with 
high intensity at short wavelengths. The neutralized AuNPs 
by the medium are more effective for the absorbance at short 
wavelnegth UV-vis spectrum.  
2216 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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 In summary, the physical properties of light-responsive NPs 
are modulated by surface activation. Charged NPs dispersed in 
ion-controlled solutions differentially respond to a broad light 
spectrum. Introduction of the e-beam fundamentally modifi es 
the physical properties of the activated NPs in terms of prox-
imity length (  λ  ), which signifi cantly promotes the light-respon-
siveness in the UV-vis and THz regions. Surface-activated 
NPs can be further designed with many versatile systems and 
broadly applied to more effective light energy utilization.  
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