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An isolated silica-water interface becomes electrically charged
in solution due to the presence of deprotonated silanol groups on
the surface.1 The surface charge depends on the pKa of the silanol
groups, the pH at the interface, and the silanol group surface density,
all of which have been measured by complementary optical
techniques both direct2,3 and indirect.4 When the surface is
deprotonated, the negative charge creates a potential difference
between the surface and the bulk. Positive counterions are attracted
by the surface potential to the interface and form a diffuse or layered
structure described by the Gouy-Chapman-Stern theory.5 Protons
are attracted to the interface as counterions, and the resulting
interfacial pH should be consequently lower than that of the bulk
pH. The silanol group can also act as a binding site to functionalize
the surface and control the surface properties.6-9 We have tethered
a derivative of the pH-sensitive dye Nile Blue to the silica surface
and monitored its absorbance at a fixed wavelength, 637 nm. This
provides an optical method that is sensitive to the interfacial pH
directly. The absolute absorbance at the interface was measured
using evanescent wave cavity ring-down spectroscopy2 (e-CRDS).
The bulk pH was varied from 1 to 10, allowing the silica surface
to be titrated. The observed absorbance at high pH indicates an
interfacial pH that is two pH units lower than the bulk value for
the fully charged surface, consistent with a surface potential of order
-120 mV2,3 relative to zero in the bulk. A stable charged near-
surface layer is formed that is not disrupted on reversing the
titration.

The silica surface comprises two types of Si-OH groups
designated Q3 for (SiO)3-SiOH structure and Q2 for (SiO)2-Si-
(OH)2 structure.9 Second harmonic generation measurements3

suggest a typical site density is on the order of 4 nm-2 with a Q2:
Q3 ratio of 3:1. Each group has a different pKa: Q3 has a pKa of
4.5 and Q2 has a pKa of 8.5.3 A derivative (1) of the pH-sensitive
dye Nile Blue, Figure 1, was prepared for tethering to the silica
surface.

The triethoxysilane group was chosen in preference to chloro-
silane derivatives to minimize the degree of self-polymerization of
the silane species on the surface.11

The preparation of1 was adapted from that reported by Nakazumi
et al.12 and involved reaction of Meldola’s blue (0.2 g, 0.64 mmol)
and (3-aminopropyl)triethoxysilane (0.13 g, 0.64 mmol) at reflux
in methanol solution (10 cm3) under air for 30 min. The resultant
solution was washed with hexane and ethyl acetate until the
washings became colorless. The solvent was removed in vacuo and
the resultant solid dried under vacuum. A1H NMR spectrum was
obtained and the derivative characterized fully according to standard
organic synthesis practice. A UV/vis spectrum of1 showed peak
maxima at 592 and 470 nm (ε ) 44770 and 50750 M-1 cm-1

respectively). The synthesis yields typically 20%, although higher
yields could be obtained using a large excess of (3-aminopropyl)-
triethoxysilane and isolated by precipitation following the addition
of excess THF. Direct measurement of the pKa of the iminium
proton of 1 is not possible due to the partial hydrolysis of the

triethoxysilyl group in basic conditions. However, as the primary
iminium ion, Nile Blue, has a pKa of ∼11,11 the effect of the alkyl
group is such that the pKa of the secondary iminium group of salt
1 can reasonably be estimated at around 9.

The molecule1 was tethered onto the surface of a Schott glass
Dove prism1 before transfer to the e-CRDS Dove cavity. The
principles of e-CRDS have been detailed elsewhere2 and will only
be described briefly here. Two high-reflectivity mirrors (99.95%)
are placed opposite one another to form a linear optical cavity into
which light from a broad-band cw diode laser (637( 2 nm) is
introduced. The bandwidth of the laser is sufficiently large to
overlap∼103 cavity modes in a free-running configuration and light
always enters the cavity, building up to an intensity determined by
the cavity Q-factor. The laser is switched off and on at a repetition
rate of 6 kHz, and the radiation intensity in the cavity decays with
a ring-down time,τ, determined similarly by the Q-factor. A Dove
prism is introduced into the cavity as a total internal reflection
element that generates an evanescent wave at the interface between
the glass and the water. The evanescent wave penetrates 186 nm
into the interface above the prism determined by the ratio of the
refractive indices of the two media and the angle of incidence of
the refracting radiation. Molecules that absorb at the laser wave-
length and are present within the evanescent field remove radiation
from the cavity decreasing the ring-down time,τ. The change inτ
is directly related to the absorbance of the species and the
concentration profile of the species at the interface.

A series of conditions was investigated for the tethering
procedure including incubation time, bulk pH, temperature, and
concentration of the Nile Blue derivative1. The extinction
coefficient for the Nile Blue derivative1 is assumed to be similar
to that of Nile Blue at 637 nm,ε ) 27029 M-1 cm-1, from which
the concentration in the solution during incubation can be derived.
The surface tethering was performed at pH 10 and 65°C from a
bulk solution concentration of 90 nM. The incubation kinetics can
be fitted to a first-order rate law consistent with a tethering rate
constantkt ) (1.84( 0.33)× 1018 molecules cm-2 s-1. This rate
constant has not been corrected for the Boltzmann-enhanced surface
concentration.

The maximum absorbance observed from deposition of the
derivative is 1.6× 10-3, at the deposition pH, and, assuming a 1
nm-2 silanol site density, this indicates a surface coverage of 5×
10-5 of a monolayer. Deposition from the 90 nM solution and the
resultant low surface coverage, suggests the derivative1 will not

Figure 1. Structure of the Nile Blue derivative1.
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cluster on binding. Hence, the surface charging properties are still
determined by the intrinsic SiOH properties, and the tethered
chromophore does not perturb the interface significantly.

The variation of absorbance of the tethered species as a function
of bulk pH is shown in Figure 2. The e-CRDS sensitivity and the
absorbance change from pH 5 to 6.5 in trace (a) suggests that a pH
change on the order of 0.001 pH units can be detected. The bulk
pH was adjusted with HCl and NH4OH starting at low pH, flowing
fresh solutions of different pH at each point. The variation of the
interface absorbance with increasing pH is seen in trace (a) and
shows an initial increase to pH 5 followed by a decrease in
absorbance from pH 5 to 6.5. However, when the pH is reduced
from pH 10f 1, trace (b), the absorbance does not recover and
shows a distinct hysteresis attributed to the charging properties of
the layer structure. The surface can be cleaned with methanol and
the titration repeated, proving the derivative has not been hydro-
lyzed.

Titration of the surface silanol groups from low to high pH varies
the charge of the surface and hence the surface potential. The
variation in surface potential with bulk pH has been determined
previously2,3 and can be used to determine the enhanced concentra-
tions of positively charged species at the surface and hence the
interfacial pH. The absorbance of the derivative1 in the bulk has
been corrected for the interfacial pH using the Boltzmann equation
at each surface potential5 and can be seen in trace (c), Figure 2. It
is assumed that the variation of the tethered derivative absorbance
at the interface is the same as that of the bulk, given the low surface
coverage. The measured absorbance maximum in trace (a) compares
well with the absorbance maximum of the corrected solution-phase
absorbance in trace (c), showing directly the effect of the surface
charge on the interfacial pH.

During the decreasing pH titration, trace (b), the absorbance
decreases at lower bulk pH, suggesting anincreasein the interfacial
pH. This increase in interfacial pH is consistent with a stable
charged layer at the surface with a smaller volume. The diffuse

layer description5 of the interface uses the Debye length to estimate
the thickness of the diffuse layer, and for the concentrations of
solutes used in the titration, the Debye length varies from 1.7 nm
at pH 1.5 to over 900 nm for pure water, pH 7, to 30 nm for pH
10. However, the tethered chromophore is only sensitive to pH in
the local environment within 1 nm of the surface and away from
the variations in the bilayer thickness in a region clearly dominated
by a stable near-surface bilayer. A similar oriented water layer was
observed previously by SHG measurements.3

AFM images of the clean prism surface indicated a roughness
parameter of 3.35( 0.93 nm, suggesting extensive surface features
providing local environments for the chromophore with local charge
density and surface potential, although these will be averaged over
the area of the evanescent field, 0.75 mm2. The local environment
around the tethered chromophore will have a high positive
counterion concentration of order 11 M for a fully dissociated
surface. This large counterion concentration may cause a solvato-
chromic shift in the absorption spectrum and hence absorbance at
637 nm. The optical measurement of the interfacial pH is directly
sensitive both to the change in the structure of the charged interface
and to the change in the spectrum of the chromophore. A detailed
analysis of the shape of both traces (a) and (b) will include this
effect, but it would be appear to be small. A large solvatochromic
shift would have a pronounced effect over the entire pH range of
the titration. Trace (a) is dominated by the deprotonation of the
dye with a single pKa in equilibrium with the interfacial pH, while
trace (b) shows no pronounced shift. Future measurement of the
absorption spectrum of the tethered molecule will prove to be a
very sensitive probe of the interface environment of the chro-
mophore and interfacial pH.
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Figure 2. Titration of the silica-water interface. (a) Upper trace: increasing
pH (green curve), (b) lower trace: decreasing pH (red curve), (c) dashed
trace: solution pH - absorbance variation corrected for surface pH (dashed
blue lines).
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