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a Chemical Reiewsarticle that was a reasonably compre-
hensive review of the field. However today, this would
require a book-length review if only second harmonic
spectroscopy was considered. Though restricting the review
to aqueous interfaces for the purposes of tBlsemical
Reviewsissue is helpful, it does not reduce the extensive
research topics to a manageable length. On the basis of these
considerations, | have limited the review to a rapidly growing
area of research, which uses SHG as the primary method.
This new area addresses the aqueous interfaces of nano- and
microsize particles suspended in aqueous solutions. These
small particles in aqueous solution are commonly referred
to as colloids. Although colloidal chemistry is a well-
established field, important in basic science, technology, and
medicine3*%®it is only in the past decade that SHG and SFG
spectroscopies have been used specifically to probe aqueous
colloid surfaces. One can anticipate that SHG and SFG will
have a major impact on the future development of interfacial
colloid chemistry.

2. Second Harmonic Generation and
Centrosymmetry

Applications of the interface-selective methods of second The origin of the interface specificity of these second-
harmonic (SHG) and sum frequency (SFG) spectroscopy toorder nonlinear spectroscopies is the intrinsically noncen-
the investigation of equilibrium and time-dependent proper- trosymmetric structure of interfaces. It is commonly assumed

ties of interfaces are increasing at an explosive Yate.

that SHG and SFG are forbidden in centrosymmetric systems

Among the interfaces studied with these methods are liquid/ but not at the noncentrosymmetric interf&&7 A conse-
gas, solid/gas, and the buried liquid/liquid, liquid/solid, and quence of this viewpoint is that most SHG and SFG studies

solid/solid interface$>36:39.41.51.53n 1996, | was able to write

10.1021/cr0403685 CCC: $59.00

have been carried out on noncentrosymmetric planar surfaces

© 2006 American Chemical Society

Published on Web 03/30/2006



SHG of Aqueous Nano- and Microparticle Interfaces Chemical Reviews, 2006, Vol. 106, No. 4 1463

that separate centrosymmetric and isotropic bulk media, for Referring to the centrosymmetric structure in Scheme 1,
example, bulk liquids and amorphous and centrosymmetric we note that the second harmonic (or sum frequency) electric
solids. The bulk centrosymmetric systems do not radiate field, Ej(2w), generated at sheet a propagates across the
coherent SHG because of symmetry reasons. The symmetryseparatior to the position of sheet b. The fundamental light
argument is that for every molecule oriented in one direction, at w, which is not depleted, propagates to sheet b where it
there is a neighboring one oriented in the opposite direction. generates radiation atw2of amplitude E,(2w) equal in

The nonlinear polarizations induced in these oppositely magnitude tdE,(2w). The resultant second harmonic electric
oriented molecules by the incident light are of opposite phasefield E(2w) is the sum of the field&.(2w) andEy(2w). The

with respect to each other and thus cancel. Therefore themagnitude of the total electric fiel&(2w), depends on the
net second-order polarization is zero, and there is no coherentelative phase of the two fields, that is, it is the phase that
SHG or SFG radiated from the bulk. If it was otherwise, the determines whether there is constructive or destructive
bulk signal would overwhelm the interface signal because interference. Because the incident fieldugbropagates across
of the much greater amount of material in the bulk than at the distancé with a different phase velocity than the second
the interface. Although coherent SHG and SFG is not harmonicEs(2w) generated at a, there is a phase shift of
generated in bulk centrosymmetric media owing to the Ej(2w) with respect toE,(2w). The difference in the phase
cancellation discussed above, the fluctuations in molecular of E(2w) and Ex(2w) is

density and molecular orientation in isotropic bulk solutions )

can disrupt the phase cancellation. In this way, incoherent = — = 0 _

second-order light scattering, called hyper-Rayleigh scatter- 0= (kg = 2K,)L C [n(2w) = n(@)IL (1)

ing, is generated and has been observed in bulk centrosym- i ) ;
metric medig®59 SHG can also be generated by individual The sum of the two fields iEx(2w) + Ex(2w) O Eo(2w)[€”
large noncentrosymmetric entities in bulk solution, as has — 1l. whereEy(2w) is the magnitude of the second harmonic
been observed in randomly oriented suspensions in sofiftion. field generated from each sheet. .

The origin of the SHG Signa| in this case was Ch|ef|y the ForL < }., as is the case for a bulk ISOtrOpIC solvent where
noncentrosymmetric interior region of the individual micro- the molecules are separated by angstroms, for example,
scopic particles. Semiconductor quantum dots and metallicwater, the phase differenckis essentially zero. Thus the
crystals also give rise to SHG, which has also been attributedSum of the second harmonic fields is zero as is expected for

to their noncentrosymmetric structue. an isotropic system, and no coherent SH is generated. If,
however,d is not zero for a givelk, it follows that a strong
2.1. Theoretical Considerations coherent second harmonic signal can be generated. Note that

_ ) if 0 =z, the total radiated field is twice that of each sheet,
At this point, we want to look more closely at the anq the intensity is four times that of an individual sheet.
relationship between the symmetry of the system and theyye conclude therefore that SHG is allowed and can be strong
generation of light at@ and at the sum frequeney: + . for centrosymmetric structures whose dimensions are deter-
of the incident light fields. Although SHG and SFG are mjned by eq 1, typically on the order of the wavelength or
commonly asserted to be forbidden in centrosymmetric some fraction of the wavelength of the SHG light. As the
systems, this is true only if the system is centrosymmetric gimensionL of the centrosymmetric particle decreases,
on length scales much less than the coherence length of thgyestructive interference increases, that is, there is increasing
process. . ) . cancellation and the SHG signal decreases. At wavelengths
To establish this central idea, let us consider a system) s | g centrosymmetric object will still generate a SHG
consisting of two sheets, each of which is noncentrosym- sjgnal, but now there is increased cancellation of the second-
metric, that together form a centrosymmetric structure as grger polarization from the various locations in the particle.
shown in Scheme 1. The sheets, which are separated by a

2.2. Demonstration Experiments of SHG from

Scheme 1 Centrosymmetric Particles
E. B The initial experiments, which demonstrated that cen-
(' L trosymmetric structures can generate coherent SH signals,
/“] used Jum polystyrene sulfate (PSS) microspheres suspended
/e % ] in an aqueous solution containing the cationic triphenyl-
= = . methane dye malachite green (M&jScheme 2).
/. b Scheme 2. Malachite Green (MG)
Ut 4%
a b
t=0 t=At
. . ct
distancd., have a centrosymmetric homogeneous substance Q/ \@
in the space between them, which is characterized by a Me_ N Ve
refractive indexn(w) at the frequencyw and a refractive A “\ne

index n(2w) at the frequency @. The reason that this

centrosymmetric system is chosen to illustrate the underlying  The experiments showed that the strong SHG signal was
idea, rather than a centrosymmetric sphere, for example, isque to MG adsorbed to the microsphere surface and not to
that the nonlinear polarizatiorﬁ’,&), induced in a sheet by MG free in the solution nor to the microspheres without MG.

the incident light field is the same at all positions in the sheet. Parenthetically, MG has become a popular molecule in

This applies to both sheets. interfacial studies because of its large hyperpolarizability,
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B . ' was sufficiently high such that the partietparticle distance

- was less then the coherence length, then the phases of the
second harmonic electric field of the particles would not be
random and the summation over all particles would not yield
a linear dependence on particle density. From this brief
discussion, we see that information about the microsphere/
aqueous interface, which is our objective, is contained in
the coherent second harmonic scattering from the individual
microsphere/agueous interface.

The discussion up to this point has focused on SHG of
centrosymmetric structures. As noted earlier strong SFG
signals can also be generated by centrosymmetric nanopar-
ticles and microparticles. This was shown to be the case with
the generation of 278 nm light when laser pulses at 834 and
417 nm irradiated an aqueous solution containing MG
i Py molecules adsorbed to the surfaces of the PSS micro-
el . 3,64
i . Slope =1.9 0. 01 sphere$3* We conclude that both SHG and SFG can
3
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selectively probe the interfaces of centrosymmetric micro-
particles.
! . L A few remarks at this point about some general experi-
LoEe T el 2 3 4 5 mental conditions could be helpful to the reader. In carrying
Malachite Green Bulk Concentration (LIM) out the SHG experiments, it is necessary to separate the SHG
. L i signal at 2» from other optical signals such as linear
Figure 1. Second harmonic signal as a function of bulk MG (Rayleigh) scattering of the strong fundamentabahyper-
concentration at a density of 8.% 10° polystyrene sulfate . ; .
microspheres/ciat low MG concentrations. Reprinted with ~Raman scattering, and fluorescence. To effect this separation,
permission from ref 62. Copyright 1996 Elsevier. appropriate filters plus a monochromator are required. In
most of the experiments, ultrashort light pulses, mostly of
which is resonantly enhanced at twice the frequency of the femtosecond duration but also of picosecond duration, are
output of commonly used Ti:sapphire femtosecond lasers. used because the SHG signal is quadratically dependent on
It was found, as expected for a second-order optical processthe intensity of the incident light. Thus if the pulse duration
that the SH signal scaled quadratically with the incident light is decreased by a factor of 10, the SHG signal is increased
intensity, I(w).®2 To determine whether the SHG from the by a factor of 100. The value of higher powers increases
individual spheres is coherently generated, it is necessary tountil the breakdown of the sample occurs due to multiphoton
investigate how the SHG signal}sz,a', varies with the ionization and dissociation of the chemical species present
density of adsorbates. If the SH signal originating from each in the solution. Thus the maximum laser power that is below
Of the Spheres iS Coherenﬂy generatéﬁ?l ShOUId Sca|e the thl’esh0|d fOI’ breakdOWn W|” y|e|d the Optlmum SHG
quadratically with the density of MG adsorbed on the PSS Signal.

surface. _
The total SH signal is given by 2.3. Free Energy of Adsorption
n non The energetics that drive molecules from the bulk of a
jtotal [ | § B2 g2 = g2 g20 d(#-¢d ) solution to an interface provide information on the molecule’s
20 le j lek; oK interactions with the chemical species in the bulk liquid and

in the interfacial regions. Interactions such as solvation,

where E% is the second harmonic electric field generated hydrophobicity, and hydrogen bonding can be markedly
by thejth PSS microsphere angis the phase of the second  different in the bulk and interface regioffs: Knowledge
harmonic electric field generated by sphgrecor a low  ©Of the populations of chemical species adsorbed to a
densityn of microspheres, the SHG from each microsphere Microparticle/aqueous interface and the energetics of adsorp-

is independent of other spheres, and their phases are randontion are needed in the description of any aqueous interface.
Thus only the] = k terms survive, giving The traditional technique used to obtain adsorbate density

populations at solid microparticle/aqueous interfaces is the
ot o i centrifugation-separation metho®. 7® The procedure is to .
l5, O Z(Ej ) =n(E™) =nl,, 3 measure, using absorption spectroscopy, the concentration
= of the solute molecules of interest in solution with no
) ) ) microparticles present. After addition of the microparticles,
wherely, is the SHG from a single sphere. Figure 1 shows the solution is centrifuged, and the concentration in the
that I5," scales quadratically with the MG concentration, supernatant is measured. The difference in the absorption
which means thak,,, the SHG from an individual sphere,  with and without the microparticles is equal to the concentra-
is generated coherentf§. tion of solute molecules that have been adsorbed to the
We see from eq 3 that‘zﬂ’,ﬁa', which is the total SHG particle/aqueous interfaces. By repetition of these measure-
signal, scales linearly with the number of spheres, charac-ments on solutions at different solute concentrations, a way
teristic of an incoherent summation, and is called hyper- is provided to determine the free energy of adsorption. This
Rayleigh scattering. The experimental resélshowed the method has proven to be simple and useful; however there
linear dependence on the density of PSS microspheres inare a number of difficulties. One is the assumption that on
accord with an incoherent process. If the density of particles centrifugation the molecules of interest that were in solution
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are not trapped in the residue after centrifugation. Another
factor is the possible change in the microparticle interfaces,
which can affect the adsorbate population, as the separation:
between the particles are greatly reduced on centrifugation.= g 5.
With the SHG method, we have a new and noninvasive it
way to obtain the free energy of adsorption and the density
of adsorbates as a function of bulk concentraffoithe
guantitative relationship of the adsorbate population with its

1.0+

0.6

bulk concentration is given by the adsorption isotherm. A
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reasonably good description of the equilibrium between
molecules in the liquid and those that are adsorbed to the
interface is provided by the Langmuir modéFS In this
model, which is usually applied to planar interfaces, the
adsorption of the bulk molecules M is treated as the filling
of empty surface sites (ES), assumed to be noninteracting, o0
by the bulk molecules M and the reverse process in which 0
a filled site (FS) is emptied with the adsorbate going into
the bulk phase. This can be expressed as

1|

Normalized SH Fie

T T T T T
6 8 10

2 4
MG Concentration (M)

Figure 2. Adsorption isotherm of Malachite Green (MG) and
polystyrene sulfate (PSS) microspheres. A fit with the Langmuir
model (dashed line) giveAG°® = —10.5+ 0.1 kcal/mol, while a

fit with the modified Langmuir model (solid line) giveAG°® =
—11.1+ 0.1 kcal/mol.

The equilibrium constarK and its relation to the free energy
of adsorptionAG® is

T
12

k
M + ES==FS @)
—1

hyperpolarizabilitieg® Information on surfactant populations
and adsorption free energies for microparticle emulsions and
colloids is of great value in science, technology, and
medicine3*%5 7" Traditional methods have important limita-
tions, as does the SHG method for species with small
hyperpolarizabilitie$®7¢ Because of this limitation, it is
a\{irtually impossible to detect their adsorption onto micro-
particle surfaces using SHG. One novel way to circumvent
this detection problem is to measure the reduction of a strong
SHG signal due to dye molecules adsorbed to the micro-
particle interface as the dye is displaced by a methacrylate-
based surfactarit.Experiments designed to test this approach
employed an agueous solution containingrh PSS micro-
spheres and our old friend MG, a commonly used dye, as

kn _ [FS]

1
k.,  [MI[ES]

K = @ AGURY —

(5)

In the Langmuir model, the depletion of molecules in the
bulk phase is neglected because planar surfaces, even
saturation, have a population that is almost always negligible
compared with the bulk population. This may not be a valid
assumption for microparticles in solution because the total
surface area can be very large. A modified Langmuir nfédel
that includes the depletion of molecules M in the bulk
solution yields the following expression:

N the molecule to be displaced by the surfactant. This method
N works and has been successfully applied to surfactant

max adsorption and biopolymer pobysine) adsorption onto

(C+ Nyt 55.5K) — «/(C + Ny + 55.5K)% — 4CN, % polystyrene microspher&s® (Figure 3). The dye displace-

ment method has also been successfully applied to the
displacement of bromocresol purple by surfactants adsorbed
to the surfaces of talc microparticles (mica-like structures)
suspended in an aqueous solutién.

2N

max

(6)

whereN is the number of moles of adsorbed molecules per
liter, Nmax IS the maximum concentration that can be ) .
adsorbed(C is the bulk concentration of M and 55.5 is the 2.5. Electrostatics of Adsorption
molarity of water. The second harmonic electric field is
proportional to the adsorbate dendityFrom a fitting of eq

6 to SHG measuremefit®n an aqueous solution containing
1 um polystyrene particles (3@n?®) and MG both (see
Figure 2),the maximum number of adsorbed MG per PSS
particle was found to be (18 0.2) x 1(f, and the adsorption
free energy, which is the driving force for the adsorption,
was found to beAG® = —11.1+ 0.1 kcal/mol.

The effects of surface charge density on the properties of
nano- and microparticle/aqueous interfaces are considerable.
For example, at the interface of a negatively charged surface,
the pH will be lowered significantly compared with the bulk
pH, and with similar considerations interfaces have a higher
pH at a positively charged surface compared with the bulk
pH. Of course, these electrostatic effects apply to all charged
species and to the orientation and populations of charged

; : and polar molecules in the region of the interface. A recent
a;fp el?sé?grtilggbﬁifﬂésdsorbates Having Smal study® of the aqueous interfaces of Am polystyrene
microspheres that were negatively charged (PSS), positively

There are important technologies that employ surfactant charged (PSA), and essentially neutral (PS) has shed new
coating of emulsions and colloids to achieve desired proper-light on this question. The MG adsorption free energies for
ties, for example, dispersion stability, size and color, textile the negatively charged PSS, the neutral PS, and the positively
processing, pharmaceutical preparations, paints, oil drilling, charged PSA were found to bel2.67,—12.30, and-10.46
and pesticides, to name just a f&w’5 For many of these  kcal/mol, respectively. The result that the free energy for
applications, it has been found that the surfactants have smalthe negatively charged PSS, which has a strong electrostatic
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1.0 1

energy of MG to the PSS/aqueous interface differ by 1.6
kcal/mol from later work reported in the previous section
are not presently known. A possible factor is the different
companies that were used to supply the PSS spheres. This
could lead to somewhat different sizes, size distributions,
and charge densities between the PSS spheres used in the
two laboratories.

2.7. Angular Patterns of SHG Scattering

Unlike linear light scattering, which is well understood
and has proven to be a valuable f§6%8% 82 to characterize
systems such as polymer solutions, emulsions, and colloids,
the characteristics of nonlinear light scattering are just
beginning to be probe®.One such effoff addressed the
detection and analysis of the SH angular patterns due to
colloidal particles. In these first experimefitsf the angular
. second harmonic scattering properties of microspheres, a
T T . T T — solution containing Ium polystyrene (PSS) microspheres

0 20 40 60 80 100x10 * and MG adsorbed to the PSS surface was used. The
Surfactant Concentration (g/l) measurements revealed significant differences between the

Figure 3. Reduction in SH intensity due to MG dye displacement linear and the second harmonic scattering. One was the
by a methacrylate-based surfactant. The MG concentrations in theappearance of secondary peaks in the SHG scattering and

aqueous solution are marked near the curves. The points aree gpsence of exact forward scattering as seen in Figure 4.
experimental data. The solid lines are theoretical fits. Reprinted

with permission from ref 76. Copyright 2000 American Chemical
Society.

0.8 ~

0.6

0.4 —

SH Intensity (Normalized)

0.2 —

150

-
o
o

interaction with the cationic dye MG, is only slightly more
negative than the neutral PS is surprising. It indicates that
there are significant non-Coulombic interactions between MG
and the various polystyrene microspheres. The contributions
of van der Waals forces, hydrophobic forces between
polystyrene and MG, hydrogen bonding, and the effects of
water solvation of the negative sulfate moiety of PSS and
the weak solvation of MG must be considered in reconciling

6)]
o

SHG intensity (counts/10s)
o

—1 00 — 0 0 100
0(degrees)

the smallAG differences. The observation that MG adsorbs Figure 4. SHG scattering angular profile for 700 nm diameter
to positively charged PSA microspheres, though much more particles and fitting (solid line). Incident light was s-polarized and

weakly than the others, further indicates the importance of gﬂb\f\i/gasti%-ﬁsolanzed. Reprinted from ref 82. Copyright 1981 Dover

these non-Coulombic forces. Electrophoresis measurements ) ]

to determine the actual charges of the PSS and PSATheoretical treatments of SHG scattering were found to be
microspheres would be helpful. It would also be useful to in accord with these experimental resi#t§! In addition, it
determine whether there is any residual charge on the neutrawas found that the angle-resolved SHG scattering data for

PS following the styrene polymerization. the 1um PSS-MG system could be described by a nonlinear
analogue of linear RayleighGans-Debye scattering from

2.6. Adsorption to Liquid Microparticle/Aqueous microspheres as shown by the excellent fit (Figuré®4).

Interface potentially useful characteristic of angle-resolved SHG

measurements is the anisotropic scattering pattern generated
Another microparticle/aqueous interface of considerable py the surface of the microsphere. This anisotropic pattern
interest in medicine and technology is the oil droplet/aqueous has the potential to be used to differentiate SHG generated
interface of an oi-water emulsiot*>>’" Measurement of  at the microsphere/aqueous interface from SHG generated
the adsorption of molecules to the emulsion/aqueous interfacein the bulk. For example, one can use the interesting finding
is not readily accomplished by traditional methods, for that there is no s polarized SHG scattering from microsphere/
example, centrifugation is clearly not an option. However aqueous interfaces.

SHG measurements of adsorption to the emulsion/aqueous The p and s polarized SHG scattering from a solution of
interface can be carried out. Measurem@mtkthe adsorption nano- or microparticles is defined such that for light
of MG to a 230 nm diameter tetradecangater emulsion propagating in the plane of this page, the p polarized light
using sodium dodecyl sulfate as the emulsifying agent is polarized in the plane of the page and the s polarized light
yielded an adsorption free energy-611.8+ 0.5 kcal/mol. s polarized in the plane perpendicular to this page. For a
It should be noted that this free energy is within experimental planar surface, the definitions are different. If this page is
error of the free energy of MG adsorbed to the PSS/aqueousthe surface plane, then the light polarized in the surface plane
interface,—11.14 0.2 kcal/mol?® One possible explanation s s polarized (horizontal) and light polarized in the plane

is that the surfaces of both PSS and the emulsion have theperpendicular to the surface plane is p polarized (vertical).
same terminal groups, namely, sulfate. Alternatively, this

finding suggests that the interactions (electrostatic and others)?-8. AirfWater Droplet Interface
of MG with the interfacial sulfate groups determine the MG The characterization of the aqueous interfaces of droplets
adsorption free energy. The reasons that the adsorption freeand sprays in terms of their chemical composition, size,
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charges, polarity, etc. is important for many reasons, among ]
which are their effects on atmospheric chemistry. Various 4.5
nonlinear optical processes (not SHG or SFG), for example, )
stimulated Brillouin scattering, stimulated Raman scattering,

and third-order sum frequency generation measureftéhts o

of the bulk properties of droplets have proven to be useful. 3.0
However information of their surface properties, which =
control the entry and departure of chemical species from the

droplet bulk, is needed as well. The investigation of the
interfacial properties of these important moieties was ad- 1.5
vanced by the first SHG measureménisf the surface of

individual 1 mm diameter water droplets. The droplet

interface had a population of surfactant molecules containing

Hyperpolarizability (p¥atom)'? (a.u.}

ORIV VORI LT T

strongly nonlinear styryl dye molecules. The SH signal varied 0.0 =00
quadratically with the intensity of the incident light, as 600 7°°Wasg?eng?ﬁ°(nm1)ooo 1100

expected, but it was the dependence of the SHG intensity
on the size of the droplet that showed that the SHG was ' =" ; ! e ‘

: of silver colloid as a function of incident wavelength. Solid squares
ger)erated coherently. By decrease of the size of the drOp’are the experimental data. The solid line is a fit to one th&ory
while the number of surfactant molecules was kept constant, and the dashed line to a second theBiReprinted with permission
the surface density increased linearly with area, that is, variedfrom ref 92. Copyright 2002 American Institute of Physics.
as 1f?, wherer = radius of the droplet. For coherent
scattering, the SHG varies with the square of the surfactantmagnitude of the higher energy (shorter wavelength) peak
density, that is, SHG varies ag4/This is exactly what was  arising from the quadrupole contribution.
found, that is, SHG continues to be generated down to very It is clear that the development of SHG as a tool to

Figure 5. Second harmonic electric field and hyperpolarizability

small sizes as explained at the end of section 2.1. investigate centrosymmetric nano- and microparticles has
been advanced by a significant number of theoretical
3. Nanoparticles investigation$49%-9° One might ask at this point what is the

value of the SHG studies, especially in relation to the much

The ability to control the optical and electronic properties more widely used linear Rayleigh scattering. The value of
of metallic nanoparticles by changing their size and shape SHG is that it yields information about a different part of
has led to a significant number of applications, for example, the system than linear Rayleigh scattering. Linear Rayleigh
catalysis, molecular electronics, and biosen$ff§Inves- scattering probes chiefly the bulk region of the particle,
tigations of%%! their linear optical properties are extensive whereas SHG and SFG probe the surface region of the
and are generally understood, but as noted earlier, investigafarticle. Clearly a full description of chemical, physical, and
tions of the nonlinear optical properties of small particles, biological properties requires information on both regions
nano- to microsize, are fairly recent. In this issue, which of the particle.
focuses on aqueous interfaces, it is the nanoparticle/aqueoui‘ .
interfaces that will be considered now. It should be recog- 3-1-2. Gold Nanoparticles
nized that there is a significant body of work on nanoparticles  An interesting finding in experimer on 13 nm gold

in other media, which are not included in this article. particles in aqueous solution was the marked difference in

the effects of electrolyte concentration on hyper-Rayleigh,
3.1. Metallic Nanoparticles —Silver and Gold — that is, incoherent SHG, and linear Rayleigh scattering
Experiments and Theory (Figure 6).

3.1.1. Silver Nanoparticles

—
wn
1

A study?? of 32 £ 6 nm diameter silver colloids in an
aqueous solution revealed, for the first time, that there are
both electric dipole and electric quadrupole contributions to
the SHG signal. It was found that the optical nonlinearity of
the silver nanoparticles is substantially greater than that of
the “best” organic molecules, perhaps because of surface
plasmon resonances at the second harmonic wavelength. The
observed wavelength dependence of the SHG Signals
shown to be in agreement with theoretical treatnéfitof 00+ 2 . . . .
coherent SHG from centrosymmetric metallic nanospheres. 0.00 002 004 006 008 010
In Figure 5, we see two peaks in the SHG scattering and the Concentration NaCl (M)
fitting of the data to two theoretical modéts? The two Figure 6. Effect of NaCl on linear Rayleigh and hyper-Rayleigh
peaks were attributed to surface dipole and quadrupolescattering intensities. Reprinted with permission from ref 100.
plasmon resonances with the quadrupole at higher energy Copyright 1998 American Chemical Society.

The chief difference between the two theories is that one of

the theories was more general in including an additional A factor that is relevant to the aforementioned result is
surface contribution to the SHG, namely, the contribution that the concentration of electrolyte in a colloidal solution

due to a quadrupole excitation in the incident field. The more affects aggregation of the colloids. A consequence of
general theory gives a somewhat better fit to the data in theaggregation of the gold colloids is the change in the surface
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—
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profile from a centrosymmetric nanosphere to an aggregateat a nanoparticle/aqueous interfé€and a planar amorphous
that can be centrosymmetric or not. The strong dependencesilica/aqueous interfadé®'The silica nanoparticle/aqueous

of SHG on aggregation has been attribifteth the formation interface stud¥?® showed that the SHG signal increased
of a noncentrosymmetric entity, which could enhance the slightly with increasing electrolyte concentration. This was
SHG intensity. Another possible factor is that the surface opposite to the observatith of a sharp decrease in SHG
electronic structure is changed without making the compo- with increasing electrolyte concentration for a planar silica/
nent colloids in the aggregate noncentrosymmetric. At low aqueous interface. Another difference between the nano and
electrolyte concentration, the coherent sum of the SHG is planar aqueous interfaces was the pH dependence of the SHG
confined to individual colloids. However at high electrolyte signal. The results in the planar interface stidtighowed
concentrations, the coherent sum is over the colloids the presence of two acithase equilibria; one was aKp=
comprising the aggregate rather than the single colloids. The4.5 for 20% of the silanols<{SiOH), and for the remaining
coherent SHG from an aggregate of microspheres should be80%, K, = 8.5. The two different silanol sites could be
considerably different than the coherent SHG from a single due to one type of site where the silanols are hydrogen
microsphere. An interesting comparis$of the SHG signal bonded to neighboring silanols, and for the other sites, the
from nanosize gold colloids with suspensions of similar size, silanols are hydrogen bonded to wat&From the silica
wide gap semiconductors, and insulator particles showed thatnanoparticle SHG vs pH dat one cannot readily conclude
the gold nanoparticles yielded an SH signal that was 10 that there are two different sites (Figure 7).

stronger, an impressive difference. As with other metallic
particles?>'%the origin of this marked difference is attributed

to the resonant enhancement that occurs when the incident
frequency or the second harmonic frequency is isoenergetic
with plasmon frequencies of the metallic particle. This very
strong plasmon resonant enhancement is well-known in other
spectroscopie¥? 194 As we shall see, SHG is a sufficiently
sensitive spectroscopy that plasmon resonances are not
required to detect SHG signals from insulator nanoparticles.

—
n
n

Second Harmonic Intensity (a.u.)

3.1.3. Silver—Gold Hybrid Nanoparticles

The nonlinear optical properties of a novel metallic
nanoparticle consisting of a gold core covered with a silver
shell have been investigat&d The diameter of the pure gold pH
core was 16 nm, and on addition of the silver shell, the Figure 7. Dependence of the second harmonic intensity on pH
diameter increased to ¥21 nm. It was reported that the  for a colloidal silica solution®, 0, and indicate three different
SHG from the hybrid nanoparticles is increased by the SHG dilution-corrected experiments that have been normalized in the
plasmon resonances, whereas for the linear Rayleigh scatmid-pH region). Reprinted with permission from ref 83 (http://
tenng, there |S an |nterp|ay between the Surface plasmon"nkapsOrg/abstractlpRL/V87/6103902) COpyl‘Ight 2001 American
resonance and interband transition resonances. The “hyperPhysical Society.
polarizabilities” measured at different energies were found . . .
to increase with silver content at one energy and decrease_ 11 different sites could be present but not separable in
for another energy. This was explained by shifts in the SHG experiments of t_he nano silica parUcIes._The authors
plasmon resonance with respect to the wavelengths at which€XPlain their nanoparticle results by changes in the hyper-

the hyperpolarizabilities were measured. In discussion of the Polarizabilities due to changes in the nonresonant transition
results of SHG scattering, it should be kept in mind that part energy as the degree of protonation changes witHBfhis

of the SHG arises from a nonlocal electric dip#&%which interpretgtion is suppor_ted by the corre_lation of the observed
means that there is not a rigorously defined hyperpolariz- €hange in the SHG with the change in the number of the
ability, but rather some effective “hyperpolarizability” that two different silanol sites. This latter quantity was extracted

_ _ _ i th 08 ; i
could be helpful in comparisons of material nonlinearities. from IR and NMR stud|eé._ The issue remains as to why
there are such marked differences between the nano and

3.1.4. Silica Nanoparticles planar interfaces. Because the next section, Electrostatic
o Potential at Charged Microparticle Interfaces, is relevant to

Among the more abundant and therefore significant these different findings, we will postpone discussion until

mineral oxides in our environment is silica, SiOThe after the next section is presented.

chemical propertié8>198 of microsized SiQ particles, an

important component of soil, depend crucially on its surface i ; ; ;

charge. It is the acidbase chemistry of~SiOH surface fhtgg%tggstatlc Potential at Charged Microparticle

groups in contact with the aqueous environment that

determines the surface charge of the silica microparticles. The surface charge densityand the associated potential

The populations and identities of adsorbates and the orien-®(0) are important characteristics of planar and microscopic

tational structure of adsorbed molecules at the interface areparticle interfaces. They affect the populations and the

strongly influenced by interfacial electrostatics. An issue of structural arrangements of neutral and ionic species at the

keen interest is how the size of the microparticle affects its interface, interfacial chemical reactions, for example, -acid

interfacial properties. An SHG stutfy that provides some  base chemistry, the electrokinetic properties of the particle,

information on this question used 10 nm diameter amorphousand the stability of colloidal suspensions$>’’SHG provides

silica particles suspended in an aqueous solution. It was founda noninvasive way for determining interfacial potentigig 4

that there are notable differences in the interface propertiesthat is complementary to traditional methcd8®>’” For

0 2 4 6 8 10 12 14
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nonconducting particles, the conventional mefiéal’” Guoy—Chapman modél557"This model is an exact solution
involves measurement of the velocity of the particle in an of the PoissorBoltzmann equation, which has prové&h'?3
electrostatic field applied across the aqueous solution. Thisto be valid at low electrolyte concentrations 101 M
method is called electrophore$i$> " The electric potential ~ although it may be reasonable at higher concentratitis
obtained by electrophoresis is not the electrostatic potential The dependence of the interface electrostatic poternbal,

at the surface of the microparticle but rather the potential, (0), on the electrolyte concentration can be seen in the
which is called the zeta potentid], at the shear plane. The Guoy—Chapman equation. It is

location of the shear plane is the boundary that separates

the mobile fluid and the stationary shells of electrolyte and 2kT . 1 7T

solvent molecules that move together with the particle. The ®(0) = sinh (0\/ ZekTC) (10)

¢ potential is always less than the potential at the surface of

the particle because it is at a greater distance from thewhereo is the surface charge densi@,is the valence of
charged microparticle surface. Other methods for measuringthe electrolyteC is the concentration of the electrolyte in
interfacial electrostatic potentials include pH indicator the bulk solution, and is the dielectric constant of the bulk
moleculesi!> 17 fluorescent yield measurement§, and solution. The dependence of the interface potenf¥D)
atomic force microscop¥t® All of these methods are of results from the electrolyte screening of the bulk water
considerable value, but have difficulties because they perturbmolecules from the charged interface. The dependence of
the microparticles, and because the locations of probethe second harmonic fielH,, on electrolyte concentration,
molecules in the interfacial region are not known, the electric shown in eqs 9 and 10, makes it possible to test the Guoy
field at a specified location is not known. SHG measure- Chapman model in a straightforward w&§* The mea-
mentd!! of the surface potential have been shown to be surementg®11! of the dependence of the SH signal on
feasible based on the discovery that there are two contribu-electrolyte for planar aqueous interfaces were found to be
tions to the SHG signal. One contribution is from the second- in good agreement with that predicted by the Guoy
order,y?, susceptibility, and the other contribution is from Chapman modéfi®!1! Similarly, in SHG studie$® of

the third-order®®(0) term. See eq 9. The? contribution

comes from the oriented chemical species at the interface, .k @ Srecmoee e
which are characterized by their second-order polarizabilities, ,, | °

ofp), that is, their hyperpolarizabilities. Thé>d(0) contri- a2 g:;ff;:::;s fff;”p‘i: IPITE B
butlon consists of the third-order nonlinear polarizabilities, pH=63x0 - 120

oy, of the chemical species in the bulk solution and also
from bulk water molecules partially aligned by the electric
field of the charged interface. The electrostatic field, which
extends into the bulk solution, breaks the isotropy of the bulk
solution. Consequently, SHG becomes electric dipole allowed 327
for the bulk molecules, chiefly water molecules, that are D'O 0'1 0'2 0'3 0'4 0'5
polarized by the electric field. The electric field can extend ' ’ “ koM ' ’

from distances of tens of angstroms to hundreds of angstrom§zigure 8. Second harmonic field and surface potenti@0)
into the bulk aqueous solution depending on the electrolyte yigtted as a function of KCI concentration for polystyrene sulfate

40 ~

=100
38 -1

Egy(@rb. unit)
(Aw) (0)o

~ 80

— 60

- 40

concentration. The total nonlinear polarizatidﬁgff)a' is microspheres in aqueous solution. The triangles are the experimental
- ) ird- data. The solid curve is a fit to the GuegZhapman model.
equa! to_the g)um of the second ordéj” and third-order Reprinted in part from ref 126 with permission. Copyright 1998
polarizationP;,, American Chemical Society.
Ptzcga' = p(z) + pg 7 charged microspheres, the dependence of the SH signal on

electrolyte was also found to be in good agreement with the
Expressing the polarizations in term of their susceptibilities Guoy—Chapman theory (Figure 8). _
and the incident light field ab gives The charged microparticles were PSS beads and emulsion
oil droplets suspended in aqueous solutiBh$he negatively
total __ _(2) ©) o charged PSS had a diameter ofith and a density of 0
P =% BBy T X E“’E‘”j(‘) E(r) dr (8) cn. The emulsion droplets had a diameter of @2 and a
density of (6 x 109/cm®. The absolute values of the
interface electrostatic potentials were in the range of 40
€220 mV depending on the electrolyte concentration. The use

where Ef) is the electric field at a distance from the
charged micropatrticle surface, and the assumption is mad

thaty® does not depend an The electric field is integrated ¢ the planar surface GueyChapman expression @b(0)
ovet gﬂe distance coordinateto include the contributions  ¢o the spherical microparticles was shown to differ by less
to Py, from the bulk water molecules that are polarized by than 4% from an exact numerical calculati8fUsing results
E(I’) The relation between the electric field and electric obtained from SHG and e|ectroph0resis measurerﬁé}'ms'
potential gives comparison of the potentials obtained was carried out. The
SHG values ford®(0) were determined to be120 + 11
PRl =, @E E + 4¥E E, ®(0) (9) mV for PSS in a 0.01 M KClI solution an¢t62 + 10 mV
for a 0.1 M KCI solutiont?® The values of the& potentials
where the reference potential @tis set equal to zero and  obtained?® at 0.01 M KCIl and 0.1 M KCI| were-73 + 5
d(0) is the electrostatic potential at the charged surface. A and—37 + 3 mV, respectively. The differences between the
successful model of the electrostatic potential of a planar values of the potential obtained by electrophoresis and the
charged surface in contact with an electrolyte solution is the potentials obtained by SHG are a consequence of the fact
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that the¢ potential is the value of the electrostatic potential more negative. It was concluded therefore that the electrolyte
at the location of the shear plane, which is at some distancedependence of the SHG signal from the planar silica interface
from the charged surface of the PSS microsphere. The SHGwas dominated by the polarization of bulk water molecules
derived potential is the potential at the charged plane. as expressed by th&®(0) term. In other words, electrolyte

In 1961, long before second harmonic spectroscopy, aScreening of bulk water molecules from the charged surface,
theory was developéd that related the potentiab(0) at  Which is expressed in thg®®(0) term, is more important
the charged surface to the potential. Putting the SHG ~ than the electrolyte screening of the repulsivesio™
experimental values obtained in the PSS microparticle studiesnteractions, which is expressed in ¢& term, in determin-
into this theory made it possible to calculate the values of INd the SH signal from the planar silica/aqueous interface.
the ¢ potentials. The predictio#® were —75 and—35 mV We can speculate that the different dependencies of SHG
at 0.01 and 0.1 M electrolyte concentrations, respectively. On €lectrolyte concentration for the nanoparticle and planar
These predicted potential values are in excellent agreement interfaces arises from different terms contributing to the SH
with the measuréd® values of thet potentials,—73 + 5 signal (see eq 9). At the high densities of the nanoparticle
and —37 + 3 mV.126 The agreement between theory and ©XPeriments, the contribution could come chiefly frof,

experiment provides strong support for the theoretical which is dependent on the anisotropically distributed water
model127 molecules and on the hyperpolarizabilities of thi8iOH and

At thi int t o th lier di . f th —SiO™ groups. The electrolyte concentration affects the
IS point, we return to the eariier discussion of e ¢4 ction of silanols ionized and in that way the value/8t.

sharp difference in the aqueous interface properties of 10yt s |ine of reasoning is correct, it predicts that the

nm amorphous silica nanoparticl€sand that of planar o oolarizability of the ionized form is larger than that of

amorphous silic&:* A crucial factor that can k_)e responsible the neutral form because SHG is observed to increase with
for the observed nano vs planar properties is the concentra-

i f the sili el ded in th electrolyte concentration in the nanoparticle experiments. The
|o|n t'o ?Jszj'ca tr;]anopar 'fé%s susdp'f[a'n € |fn th N quuGGOUSSHG results for the planar silica/aqueous interface indicate
solution. ‘Under he reported conaditions of the that the electrolyte dependence of the SH signal is dominated
experiments, the concentration of the nanoparticles was 0.2 by the y@®(0) term. These considerations, if correct, can

ch' ;’Vhl'Ch is ? very r|1igh ionﬁgnﬁra.tli_on.dlt Sh?”'?_r?eongt?esﬂ explain the marked differences between the nanoparticle/
at silica gels are also at a hign silica density. 1he ©. aqueous and planar/aqueous experimental findings.
nanoparticle concentration corresponds approximately to a

nanoparticle density of 1.& 10?° particles/cm or about 6 .
x 10° A3/particle and a centercenter distance of about 10 5. Clay Particle/Aqueous Interface

A. The water and electrolytes separating the nanoparticles The abundance and the unique adsorptive and catalytic
in this confined space cannot be described as |sotrop|callypr0perties of clay make it a substance of fundamental and
distributed. They® contributions to the SHG signal from  technological importancE®3L1t has been used for a long
the noncentrosymmetrically distributed water molecules time as a catalyst in petroleum-forming reactions and because
located between the nanoparticles and the high interfacial of jts |arge surface area as an adsorbent in the removal of
density of neutral-SiOH and chargeé-SiO™ groups could  grganic pollutants from aqueous medialt has also been

be significantly larger than thg)d(0) contributions from  recognized that clays may have contributed to the chemical
the noncentrosymmetrically d_|str|buted water molecules gyglution of organic compounds involved in the origin of
located between the nanoparticles. On the other hand, forjife 133 The electrostatic characteristics of clay microparticles
the planar silica/aqueous interface, a very large number of yjay g key role in soil chemistr§p:13-132 SHG ‘studie’* of
isotropically distributed water molecules in the bulk solution centrosymmetric disk-shaped montmorillonite particles sus-
are polarized by the charged surface. This results in Contribu-pended in water with a diameter Qn and a thickness of
tions from the partially aligned water moleculesd®®(0) 0.01um have been performed. Since the diameter is on the
and the contributions originating from the third-order po- |ength scale of the light and the thickness is much smaller
Iarizabilities,ai(ji}, of the bulk water molecules. It is neces- than the wavelength of the light, the edge surfaces, separated
sary to determine how these arguments can explain theby 0.5um, can contribute to the SHG signal, whereas the
different SHG dependences on electrolyte concentration. A contribution of the large planar surfaces is diminished
consideration that is relevant to the silica nanoparticle and because of their small separation, Out. The SHG signal
planar silica experiments were studies on silica gels, which of the bare clay/aqueous interface contains contributions from
found that the density of negatively charged sites, that is, the surface second-order nonlinearities and also from the
—SiO™, increased as the electrolyte concentration in- electric field oriented water molecules near the charged edge
creased?®12°This increase in ionization of the silanol groups surface. In addition to detecting the clay/aqueous interface,
as electrolyte concentration increases can be attributed tothe adsorption of the organic dye molecule 4-(2-pyridylazo)-
the increase in the Debye screening, which decreases theesorcinol (PR) by the clay particles was obseri#@d.
repulsive interactions betweenSiO~ groups. If the Debye

screening affects the nanoparticle suspensions, what aboup gH Spectrum of a Charge-Transfer Complex
the Debye screening effect on the planar silica aqueous 5, Semijconductor TiO » Microparticles
interface? Just as with the nanoparticles, the repulsions

among the surface SiO~ groups would be decreased by an  TiO,, a wide band-gap semiconductor, has been studied
increase in the electrolyte concentration. This would favor extensively because of its special chemical and physical
the ionization of additional silanol groups, which would yield properties and its potential utility in solar energy conversion
more charged-SiO™ groups. As a consequence, the surface and photocatalysi¥> 147 Colloidal particles of anatase (a
potential would become more negative with increasing noncentrosymmetric form of Tig{crystal) are widely used
electrolyte concentration. The SHG experiments fdtitat because it is easy to obtain and also to take advantage of
the potential decreased, that is, became less negative, nothe high specific surface area available in the dispersed small
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particles. For wide band-gap semiconductors, such ag, TiO
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The charge-transfer band of the cateehblO, complex

the energy gap is too large to efficiently use the output of was centered at 2.72 eV (456 nm). The diffuse reflectance

the sun.
Because of this, surface photosensitization of ;Ti®©a

spectr&*’” of the 30 nm dried powder displayed a shoulder
at 420 nm. The aqueous methanol measurertféstsowed

very important process in solar energy conversion, seea broad featureless spectrum (Figure 10). The free energy

Scheme 3. Catechoh-hydroxy phenol, is knowi6147 to
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&Energy
Conduction band !

/11111

]
1
i
i Band gap
'
1

Excited state

ho

Ground state

!
v |
]
[
VY
Valence band :
1
(

Semiconductor : Surface complex

form charge-transfer complexes with theTiOH surface

7

6

-1

wn
T

Ti(IV) -catechol

-1

Imol cm
gy
T

w
¥

4

€/10
83
T

Ji(IV) -salicylate

—
T
—

1
400 450 500
Wavelength /nm

0 1
300 550 600
Figure 10. UV—vis absorption spectra of Tilransparent sols
(0.5 g/L, pH 3.6).€ is the absorption coefficient for the various
TiO, systems. Reprinted with permission from ref 146. Copyright
1991 American Chemical Society.

of adsorption obtainé¢f from SHG measurements of the

groups. The spectrum of the complex extends into the visible low-density TiG—catechol/aqueous system waAs® =
region and provides a good overlap with the solar spectrum. —4.6 kcal/mol. The free energy values obtained using
The absorption of light in the visible region has the desired separation methods wereG® = —6.8 kcal/mot*6 and AG®

effect of injecting electrons into the conduction band of JiO
The complex between catechol and Ti@&s been previously
studied by UV/vis absorption measureméfit®n 30 nm
TiO,—catechol dried powders and in 13 nm Fi&atechol
particles in a methanelwater mixture!*¢ Using SHG

= —5.4 kcal/mol**’ In the experiments, other than the SHG
ones, it was necessary to use very high particle densities,
which makes interpretation more difficult because of particle
particle interactions. The differences in the systems, for
example, nano- vs microparticle and aqueous vs aqueous

spectroscopy, the charge-transfer band of the surface Comple)f'nethanol, and possible aggregation of the fi@noparticles

of catechol on TiQ colloid particles (anatase, 400 nm) at
low particle density (4x 10%/cm?) in aqueous suspension
was obtained (Figure 9¥8
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Figure 9. The turbidity-corrected and normalized SH spectra of
TiO, in water and TiQ in 1 mM catechol solution. The peak of
the catechot TiO, surface complex band is &fax= 456+ 4 nm.
Reprinted with permission from ref 148. Copyright 1999 American
Chemical Society.

at the high densities used in the separation measurements
that are orders of magnitude higher than the densities used
in the microparticle SHG measurements, could easily be
responsible for the variations in the free energies.

We will now consider the effects of the anatase form of
TiO2 not having a centrosymmetric structure. It is now
necessary to include the contribution of the bulk region of
the microparticle as well as the contribution from the surface
adsorbed species to the SHG signal. If we were considering
macroscopic size anatase, then the bulk contribution to the
SHG signal could dominate the contribution of the surface
adsorbed molecules. For a suspension of anatase micropar-
ticles, the large surface area occupied by the molecular
adsorbates can be comparable to or even greater than the
bulk contribution. Measurements at wavelengths far from
bulk resonances but close to surface molecular resonances
can be used to enhance the surface vs bulk contribution. To
separate the contributions of the surface and bulk to the
signal, the relative phase of their second harmonic electric
fields were measured. In this way, the surface charge-transfer
spectrum was obtained. Anatase microparticles were selected
for study rather than the centrosymmetric rutile form of 71O
to demonstrate that the surface adsorbate contributions could
be determined for noncentrosymmetric particles as large as
0.4 um. In addition, the SHG study of anatase made it
possible to compare the SHG measurement of the catechol
TiO, charge-transfer spectrum with previous linear experi-
ments that were carried out on catech®lO, anatase
systems.
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7. Liposomes outer surfaces would cancel. Thus as molecules cross the

L . . bilayer the strong initial SHG signal would decay in time.
One fascinating class of centrosymmetric particles are 1o magnitude of the SHG electric fielflz,, at a timet

liposomes. These microparticles are of widespread interestgq, mixing is linearly proportional to the difference in the

as biological membrane mimetic structures, as drug delivery ., jations of MG on the outer surface and inner surface at
systems, and as possible structures in solar energy <:0nverS|oﬁr.m:)t

systemdg29-151 The basic structure of a liposome is a bilayer
made up of amphiphiles that self-assemble into a spherical
structure with an enclosed aqueous compartment, Scheme
4,

Scheme 4
Lipid bil =
. ‘;ayer Head group g
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Oi:_g:: 23]
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=
&5
and Tail
Agqueous phase
The two monolayers comprising the bilayer have the 0 100 200 300 400 300
hydrophobic alkane chains facing each other with the polar Time (s)

headgroups projecting into the internal aqueous region andrigure 11. Second harmonic fielcEx,, following mixing of the
the other into the external agueous region. Liposomes serveDOPG liposome solution with the malachite green, MG, solution
as membrane mimetic structures because the basic structurét timet = 0. Reproduced from ref 156 by permission of The Royal
of a biological membrane is a bilayer in which the am- Society of Chemistry.

phiphiles are phospholipids. It is the membrane that deter-
mines the identities and population of chemical species
adsorbed to the membrane/aqueous interface, as well a
control the passage of adsorbed species and electrical signalg
between the inside and the outside of a cell. With liposomes
one can vary and thereby investigate how the phospholipid
composition affects the free energies of adsorption, the
electrostatic potential at the interface, and, as will be
discussed, the transport of chemical species across th
bilayer.

Figure 11 shows the transport kinetics of MG crossing
éhe bilayer of a 100 nm dioleoylphosphatidylglycerol (DOPG)
egatively charged liposonie® It should be noted that
iological cells are usually negatively charged because
negatively charged phospholipids are part of the membrane
structure*® Similarly many drugs and peptides that cross
membrane bilayers are cationic, as is M&!57158The SHG
énethod is complementary to other techniques because it is
a surface technique sensitive to both the inner and outer
surfaces of the membrane bilayer. This is generally not the

; case with other methods, which must distinguish molecules
é‘éélhq-?rlﬁgmar Transport across a Membrane in adsorbed at the inner and outer membrane surfaces, as well
as molecules in the bulk aqueous solution. In other methods,

Just as SHG has been used to investigate equilibriumfor example, NMR, EPR, fluorescence, it is often necessary
properties of liposomes such as adsorption free eneltfies, to introduce extraneous probe molecules to determine that a
effects of surface charge on adsorpti®hand interface  molecule has permeated across the bild§&ts* Among
potentials}®>® it can also be used to measure their time- these probe molecules are fluorescence quenchers, shift
dependent propertié4152154156 |n particular a SHG method  reagents, and spin labels. Some techniques require precise
has been developed to observe molecules crossing thecalibration of microenvironment signal changes to determine
liposome bilayer in real tim!152154156 The ijdea of the  the location of the molecule, inside or outside the liposome.
method is based on the recognition that molecules adsorbedlhere are of course difficulties with the SHG method as
on the outer surface of a liposome are oriented in a preferredindicated earlier.
way, and by symmetry the same molecules when adsorbed Other experiment§®on the transport of an adsorbate from
on the inner surface of the liposome would have the oppositethe outer monolayer to the inner monolayer employed a
orientation. neutral styryl dye and a neutral dioleoylphosphatidylcholine

The method is briefly described. Following the rapid (DOPC) liposome. The SH signal decayed with time as dye
mixing (<1 s) of an agueous solution containing liposomes adsorbates crossed from the outer leaf to the inner leaf of
with an aqueous solution containing an organic solute suchthe liposome (Figure 12). The liposome used is quite different
as malachite green, MG, a rapick] s) diffusion and in size from typical liposomes, which are of the order of
adsorption to the outer surface of the liposome takes place.100 nm diameter; the DOPC liposome is tens of micrometers
The adsorbed MG molecules were observed to yield a strongin diameter. Similarly the charges of the transport molecules
SHG signal. If the organic molecule permeates across theare different; MG is positively charged and the styryl dye is
bilayer, then it would have an orientation that is opposite to neutral. The thickness of the bilayer, which is the important
its orientation at the outer surface. Because the thickness ofparameter in transport across bilayers, is the safiexm
the bilayer is small;~4 nm, the second harmonic polariza- as in most other liposomes. The SH signal decay time of 2
tions of the oppositely oriented molecules on the inner and h is significantly longer than the 90 s for MG, due perhaps
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Figure 12. The dynamics of styryl dye flip-flop in a POPC
liposome initially labeled in the outer leaflet: SH@)and two
photon fluorescence TPHJ. The time constant for the styryl dye
flip-flop at room temperature is about 2 h. Reprinted with
permission from ref 165. Copyright 2001 Biophysical Society.

to the very much larger size of the styryl dye. A more
interesting difference is the observation that the SH signal
for the styryl dye approaches zero indicating that the dye
populations on the inner and outer leafs have become
approximately equal at long times. Unlike these observations,
the experiments with the charged MG showéthat the SH
signal did not approach zero at long times. Experiments to

be presented in a later section offer an explanation of these

findings.

7.1.1. Effects of Cholesterol on Transport Kinetics

Cholesterol is an essential constituent of plasma mem-
branes in mammalian cells, ranging from 50% of the lipids
in some membranes to a very low percentage in other
membrane&®® It has a pronounced effect on the physical
properties of membranes, particularly on the structure of the
phospholipid bilayer&31167170 |ts effects on transport kinet-
ics of various chemical species across a liposome bilayer
are important as a model of transport across the membrane
of biological cells and in the use of liposomes as drug
delivery system&117+177 SHG measuremeritd of the effect
of cholesterol on the molecular transport of MG across
DOPG liposome bilayers with-860 mol % cholesterol have

been carried out. The experiments showed that the higher,
the cholesterol content the slower the transport. The transit

time was found to increase by a factor of 6 in going from

no cholesterol to 50% cholesterol. A possible mechanism
responsible for this large effect assumes that the incorporate
cholesterol molecules force the hydrocarbon chains of the
phospholipids into a more ordered configuration, increasing

the density, which decreases the fluidity and thereby reduces

the permeability kinetics of molecules crossing the bildyer.

7.1.2. Effects of Liposome Charge on Transport Kinetics

Chemical Reviews, 2006, Vol. 106, No. 4 1473

constant decreased by more than an order of magnitude as
the POPG content was reduced from 100% to 25%. By
variation of the fraction of the charged POPG lipid in the
bilayer, it was found that the transport rate constant scaled
linearly with the POPG content.

An interesting finding was the dependence of the transport
rate constant on the concentration of MG. At the highest
MG concentration (12m) the rate constant was four times
greater for the 100% POPG than its value at 25% POPG
(Figure 13). However as the concentration of MG decreased,
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Figure 13. Effects of the percentage of the charged lipid POPG
on the rate constant for crossing the bilayer of the hybrid POPC
POPG liposomes. The percentages refer to POPG. Reprinted with
permission from ref 152. Copyright 2001 Biophysical Society.
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1
12

on

the rate constants for the differently charged liposomes

fonverged to the same value. This means that the transfer

rate constant does not depend explicitly on the liposome
charge, which if correct has important implications on the
transport of organic ions across biological membranes. To
understand why the bilayer charge markedly affects the
transport at higher MG concentrations (30) but has no
effect at lower MG concentrations~(L0¢ M) requires a
determination of whether MG adsorbs to both POPG lipid
ites and POPC lipid sites or preferentially adsorbs to one

cfype of site. It is know#P? from SHG experiments that MG

adsorbs strongly to pure POPG liposomes and negligibly to
pure POPC liposomes. Therefore the number of MG
adsorbate sites scales directly with the percentage of POPG
lipids in the hybrid POPEPOPG liposomes. At very low
concentrations of MG in the bulk aqueous solutieri,0~¢

M, the MG adsorption by the liposome is small. Under these

The capability to make liposomes that have different circumstances, there is such a large excess of POPG sites
proportions of charged and neutral phospholipids provides over MG adsorbates at both the lowest POPG percentage,
a way to investigate the effects of membrane charge on boththat is, 25%, and at 100% POPG that the adsorbate
equilibrium and time-dependent processes. To this end,population is determined by the bulk concentration of MG
liposomes were made with negatively charged palmi- and not by the lipid composition of the hybrid liposomes.
toylphosphatidylglycerol (POPG) and the neutral lipid palmi- Consequently, the rate constants are the same for all
toylphosphatidylcholine in various proportions. At 26, compositions, as is observed. However as the bulk concen-
the lipids mix ideally:”® It was found in SHG experimerits tration of MG increases, up to a maximum of A®1, there
that both the adsorption of MG and its bilayer crossing time is no longer a large excess of POPG sites with respect to
were sensitive to composition. The adsorption equilibrium MG adsorbates. As the percentage of POPG lipids increases
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surface of the liposome. This results in an increased MG . : ;

adsorption to the outer surface and, consequently, a larger 1% T no valinemyein .+

MG concentration gradient across the bilayer. It is the _ T § ¥ 2 FRngn 10, B

concentration gradient that provides the driving force for =7} L. 0 valinomyein 107M

crossing. The larger gradient at the higher POPG percentageZ

leads to a larger rate constant for transport to the inner surface 2 1 {4 -

of the liposome. These considerations can explain both ther ;... | 4 £2s |...|

independence of the MG crossing rate constant on liposome t 9

composition at low MG concentrations and the increase in “ L e

the rate constant, which is dependent on liposome composi- :

tion, at higher MG concentrations. o
The preceding discussion however does not explain why PRETRES 53 " P LR S R

the SH signal does not approach zero at long times, that is, Teiieta)

why the MG populations on the inner and outer surfaces do

not become roughly equal at long times. It turned out that Figure 14. Effect of valinomycin on malachite green transport

electrostatic effects had to be considered to address this pointi"”et'csfacross abop ﬁ liposome b'Laye.r- 'TePr'Uted with permission

Because MG crosses the bilayer without its €bunteriontss rom ref 152. Copyright 2001 Biophysical Society.

there is a buildup of positive charge on the inner surface. . o
The development of a positive electrostatic potential in the démonstrate that the SHG signal approaches zero, indicating

inner compartment of the liposome opposes the crossing Ofroughly equal populations at the inside and outside interfaces.

additional MG, that is, makes it more energetically costly It was concluded therefore that the development of a
for MG to cross. The net transport of MG across the bilayer POsitive potential inside the liposome was responsible for
stops when the chemical gradient that drives MG across thethe slower crossing rate and for the populations of MG at
bilayer comes into balance with the positive electrostatic the inner and outer surfaces of the liposome. Related to this
potential that opposes the crossing of MG to the inner discussion of the effect of an eIect_rostaup potential on
surface. It should be noted that the positive electrostatic transport of MG across the DOPG bilayer is the stéitly
potential inside the liposome depends only on the number described earlier in which the time dependence of a styryl
of MG that have crossed to the inner surface and not on thedye moving from the outer monolayer to the inner monolayer
MG adsorbate population. Therefore the electrostatic effectof @ DOPC liposome bilayer was measured. A notable

is the same at 25% POPG as at 100% POPG. difference from the MG resuft® with pure DOPG liposomes
was the observatidff that the SH signal approached zero
7.1.3. Antibiotic-Assisted Transport Kinetics at long times, Figure 12. The reason for the different behavior

) ) ) is the electrostatic potential that develops as MG crosses the

To test the idea that an electrostatic potential was pjjayer, whereas no potential develops as the neutral styryl
responsible for the SHG signal not decaying to a value close gye flip-flops from the outer surface to the inner surface of
to zero, as would be expected if the populations of MG on the Jiposome. Without the blocking electrostatic potential on
the inner and outer surfaces became roughly equal, experithe inner and outer monolayers, the populations of the styryl
mentd°¢ were carried out to remove the electrostatic potential dye on the inner and outer monolayers can become roughly
across the bilayer. To achieve this, a™Nan transporter,  equal. The styryl dye orientation in the outer leaf is opposite
which can transport Naacross the bilayer, was added to {4 jts orientation in the inner leaf because of symmetry. The
the liposome solution. A well-known lipophilic Naion second-order polarizations induced by the incident light have

transporter is the antibiotic valinomyci}**Scheme 5. opposite phases because of their opposite orientations and

cancel each other, and there is no SHG.
Scheme 5. Valinomycin

j;i i
£330
T

8. Summary

Hopefully the work discussed in this review has demon-
strated the power of SHG spectroscopy to investigate the
aqueous interfaces of nano- and microparticle systems. These
systems extend from insulator and metal nanopatrticles to
semiconductor microparticles, water droplets, and membrane
mimetic liposomes. There have been significant theoretical
advances that connect the measurements of the SHG emanat
ing from these particles with theoretical models of SHG and
the sizes and material properties of these particles. Technolo-

As MG crosses the bilayer, a positive potential develops gies have played their part in advancing the experiments that
inside the liposome, and therefore, a negative potential have been discussed in this review. It is surely impressive
develops in the external solution. The negative potential that the work described herein constitutes the development
favors the transport of Nafrom inside the liposome to the  of a new research area within the time span of about 10 years.
external solution. This transport of N&rom inside to outside At this point, it might be of interest to speculate briefly about
can compensate the positively charged MG that crosses tofuture directions of SHG and SFG investigations of nano-
the inside compartment. The Ndransport prevents the particle and microparticle aqueous interfaces. It is clear that
formation of an inside positive potential that limits the MG we need structural information on the organization of water
permeation of the bilayer. The results shown in Figure 14 molecules at the nano- and microparticle interfaces. Imagine
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the diverse water structures associated with the vast array (20) Benjamin, |.Chem. Phys. Let2004 393 453.
of nanoparticle shapes ranging from cubes to pyramids to (21) Beermann, J.; Bozhevolnyi, S.Rhys. Re. B 2004 69, 155429.

many others. SFG studies of water vibrations and those of

(22) Kongsted, J.; Osted, A.; Mikkelsen, K. V.; ChristiansenJ GChem.
Phys.2004 120, 3787.

other interfacial species can have a major impact in advanc- (23) McClelland, A.; Fomenko, V.; Borguet, B. Phys. Chem. 2004

ing our understanding of the interactions among the various _ _
n (24) Kataoka, S.; Gurau, M. C.; Albertorio, F.; Holden, M. A.; Lim, S.

chemical species at numerous interfaces. The identificatio

of the interfacial species, chemical reactions, and equilibria (5
at these small particle interfaces, as well as the dynamics of

molecular motion, energy relaxation, and photochemical

processes, will more than likely be the subjects of many SHG
and SFG studies. The chemistry and physics of these small

particle interfaces, especially the many different structural
forms of nanopatrticles, are likely to offer an abundance of

surprises. An increase in theoretical studies of interfaces (30)

would be of great value and will probably grow rapidly as

new and challenging experimental results are reported.

108 3789.

M.; Yang, R. D.; Cremer, P. S.angmuir2004 20, 1662.

Chen, C. Y.; Wang, J.; Loch, C. L.; Ahn, D.; Chen JZAm. Chem.

Soc.2004 126 1174.

(26) Holman, J.; Davies, P. B.; Neivandt, D.JJ.Phys. Chem. B004
108 1396.

(27) Dombeck, D. A.; Blanchard-Desce, M.; Webb, W. 9V Neurosci.
2004 24, 999.

(28) Makeev, E. V.; Skipetrov, S. EDpt. Commun2003 224, 139.

(29) Brudny, V. L.; Mochan, W. L.; Maytorena, J. A.; Mendoza, B. S.

Phys. Status Solidi @003 518.

Rao, Y.; Tao, Y. S.; Wang, H. B. Chem. Phys2003 119, 5226.

(31) Millard, A. C.; Jin, L.; Lewis, A.; Loew, L. MOpt. Lett.2003 28,

1221.

Technology advances in laser and detection apparatus will (32 Angea. C.; Brasselet, S.; Zyss, J.; Gadenn@j. Lett.2003 28,
improve the sensitivity of these nonlinear measurements and (33) Downer, M. C.; Figliozzi, P.; Jiang, Y.; Sun, L.; Mattern, B.; White,

make it possible to investigate phenomena and systems that

C. W.; Withrow, S. PProc. SPIE-Int. Soc. Opt. Eng2003 5223.

are presently beyond our reach. Advances in computer (34) Pons, T.; Moreaux, L.; Mertz, Phys. Re. Lett. 2002 89.

technology and the development and availability of new
software and programs will be invaluable in improved
modeling of the data from interfacial experiments. Of course,

the most exciting developments will be ones that we presently

do not anticipate. If we look back 10 years, we might ask

what were the unexpected developments. | leave this to the

reader to ponder.
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