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Time-resolved anisotropy decays of a fluorescent cationic solute, rhodamine 6G (R6G), in Ludox sols
were measured to characterize the extent of the ionic binding of the probe to silica particles after modification
of the surface with neutral or cationic silane coupling agents. The anisotropy decays provided direct evidence
for distribution of the dye between the aqueous solution (picosecond decay component) and silica particles
(nanosecond decay component and residual anisotropy component, which were attributed to the wobbling
motion of dye on the silica surface and to the ionically bound probe, respectively). The dye was strongly
adsorbed to unmodified silica nanoparticles, to the extent that less than 1% of the dye was present in the
surrounding aqueous solution. Significant decreases in the degree of probe adsorption were obtained upon
covalent modification of the silica with neutral or cationic silanes, with up to 80% of the probe being present
in the aqueous solution in cases where the surface was coated with (3-aminopropyl)triethoxysilane. The
addition of such agents also altered the fractional distribution between the nanosecond decay component
and the residual anisotropy component in favor of the nanosecond component, indicative of weaker
interactions between the dye and the modified surface (i.e., more wobbling motion). The data clearly show
the power of time-resolved fluorescence anisotropy decay measurements for probing the modification of
silica surfaces and should prove useful in characterization of new chromatographic stationary phases.

Introduction

A number of methods have been used to study modified
silica surfaces, such as solid-state NMR spectroscopy,1-3

atomic force microscopy,4 Fourier transform infrared
spectroscopy,5 photon correlation spectrometry,6 thermo-
gravimetric analysis,7 nitrogen adsorption, X-ray powder
diffraction, and rheological measurements.8 A key dis-
advantage of many of these methods is the need for large
sample sizes or samples with high surface areas, par-
ticularly when monolayer or lower coverage of a modifier
is present on a silica surface.

Fluorescence detection of surface modifications provides
a viable alternative to these methods. It can be done with
extremely high sensitivity, potentially allowing for the
characterizationof surfacemodification even for verysmall
samples or those with low surface areas. It can also provide
information about the dynamic behavior of adsorbants at
the surface. The method is based on the partitioning of
the cationic dye rhodamine 6G (R6G) between aqueous
solution and an anionic silica surface when present in
Ludox suspensions. The silica particles in Ludox are small
(ca. 12 nm diameter) discrete, uniform, negatively charged
spheres of silica that have no internal surface area or
detectable crystallinity.9 At low Ludox levels the solution
is optically transparent and nonscattering and thus is

ideal for fluorescence measurements of the added probe.10

R6G is employed because its rotational mobility in Ludox
sols is decreased to a minimum as a result of the strong
ionic binding of the probe to the negatively charged silica
particles; hence the anisotropy approaches a maximum
or limiting value.10-12 R6G is also stable over a wide pH
range and does not undergo significant changes in
quantum yield or emission lifetime upon adsorption to
silica surfaces.10 It also has a high fluorescence quantum
yield and its fluorescence lifetime (ca. 4 ns) is comparable
to the expected rotational correlation times of free probe
in solution (150-200 ps) and of small nanosize colloids
(2-5 ns).

Time-resolved anisotropy decays of R6G in silica sols
generally show three major rotational components: a short
(picosecond time scale) rotational correlation time, which
corresponds to probe that is free in solution, a longer
(nanosecond scale) rotational correlation time, which
describes slower rotation of probe bound ionically to
primary silica nanoparticles, and a residual anisotropy
(r∞) value, which corresponds to large silica structures
that rotate too slowly to cause fluorescence depolarization
during the 1-10 ns emission lifetime of a typical fluo-
rescent probe.10-15 The fractional contributions of each
rotational correlation time reflect the fractional distribu-
tion of the overall fluorescence intensity between the three
states, which can be related to the concentration of the
cationic probe that is either bound to silica or present in
the aqueous phase. In cases where the silica particles are
treated with organic modifiers, which bind to the particle
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surface and which themselves do not strongly associate
with the dye, then less probe will be in the silica-bound
state, leading to a larger fractional contribution from the
faster (picosecond) rotational component of the free probe.
Clearly, this information is important in testing the
efficiency of novel coating materials and in optimizing
the conditions used for surface modification, such as the
concentration of the modifier, pH, and the composition of
solvent, and it can also shed light on the nature of the
silica surface after modification.

We have recently applied time-resolved anisotropy to
probe the modification of colloidal silica particles by water-
soluble polymers.10 It was shown that the fractional
contribution from the picosecond rotational component,
corresponding to the free probe, increased with an increase
in the amount of added polymer. At the same time, the
fractional contribution from nondecaying components (i.e.,
the r∞ value) decreased, indicating blockage of the silica
surface by the adsorbed polymer chains. In the present
work, we have used this approach to probe the changes
in the distribution of the dye resulting from modifications
of Ludox particle surfaces by covalently bound silane
agents, including (3-aminopropyl)triethoxysilane (APTES),
N-[(3-triethoxysilyl)propyl]gluconamide (GLTES) and
N-[(3-triethoxysilyl)propyl]maltonamide (MLTES). Our
data shows that modification of Ludox with cationic silanes
causes substantially more blockage of adsorption than
does blockage with neutral silanes and that the surface
modification also weakens the strength of adsorption, with
adsorbed dye displaying more local “wobbling” motion on
modified surfaces. The results demonstrate that the
measurement of fluorescence anisotropy decay may pro-
vide a useful new tool for probing silica surface modifica-
tion.

Experimental Section

Chemicals. Rhodamine 6G (R6G) and diallyldimethylam-
monium chloride (DADMAC, 65 wt % in water) were obtained
from Sigma (St. Louis, MO). 8-Hydroxyl-1,3,6-trisulfonylpyrene
(pyranine) was purchased from Molecular Probes (Eugene,
Oregon). Ludox AM-30 and 30 wt % SiO2 (average particle radius
of 6 nm, specific surface area of 220 m2‚g-1) were obtained from
Du Pont, and (3-aminopropyl)triethoxysilane (APTES) was
purchased from the Aldrich Chemical Co. All water was distilled
and deionized on a Milli-Q Synthesis A10 water purification
system. All reagents were used without further purification.

Procedures: PreparationofN-[(3-triethoxysilyl)propyl]-
maltonamide (MLTES).16 To a solution of D-maltonolactone
(0.75 g, 2.2 mmol) in DMSO (10 mL) and EtOH (5 mL) was added
(3-aminopropyl)triethoxysilane (0.44 g, 2.0 mmol). The mixture
was stirred at 60 °C for 20 h. The solvents were evaporated under
vacuum, and oil residue was dissolved in dichloromethane.
Unreacted d-maltonolactone was filtered off, and the filtrate was
concentrated and added to a large amount of pentane. White
precipitate was collected and dried in vacuo to give MLTES as
a pale yellow solid, 0.98 g (87% yield). 1H NMR (200.2 MHz,
DMSO-d6): δ 0.49 (m, br, 2H, SiCH2), 1.08 (t, J ) 6.96 Hz, 9H,
SiOCH2CH3), 1.43 (m, br, 2H, SiCH2CH2), 3.70 (q, J ) 6.96 Hz,
6H, SiOCH2CH3), 3.05-5.47 (m, CH2NHCO and maltose CH and
CH2, and OH), 7.60 (NHCO) ppm. 13C NMR (50.3 MHz, DMSO-
d6): δ 7.8 (SiCH2), 18.4∼19.1 (SiOCH2CH3), 23.4 (SiCH2CH2),
41.3 (CH2NHCO), 56.6 (SiOCH2CH3, overlapped), 61.3, 63.4, 69.8,
72.5∼73.8 (overlapped), 80.6, 101.4 (maltose CH and CH2), 172.9
(NHCO) ppm. FT-IR (KBr): 1643 cm-1 [ν(CdO)]. MS-ESI (ES+):
584.3 (M + Na, 30)+, 562.4 (M + 1, 20)+.

Preparationof N-[(3-triethoxysilyl)propyl]gluconamide
(GLTES):16 To a solution of d-gluconolactone (0.91 g, 5.2 mmol)
in DMSO (10 mL) and EtOH (5 mL) was added (3-aminopropyl)-
triethoxysilane (1.11 g, 5.0 mmol). The mixture was stirred at

60 °C for 20 h. The solvents were evaporated under vacuum, and
oil residue was dissolved in dichloromethane. Unreacted D-
gluconolactone was filtered off, and the filtrate was concentrated
and added to a large amount of pentane. The white precipitate
was collected and dried in vacuo to give GLTES as a pale yellow
solid, 1.83 g (92% yield). 1H NMR (200.2 MHz, DMSO-d6): δ 0.50
(SiCH2), 1.12 (t, 9H, J ) 6.98 Hz, SiOCH2CH3), 1.45 (m, br, 2H,
SiCH2CH2), 3.04 (m, 2H, CH2NHCO), 3.74 (q, J ) 6.98 Hz, 6H,
SiOCH2CH3), 3.40-5.32 (m, glucose ring CH and CH2, and OH),
7.61 (s, br, 1H, NHCO). 13C NMR (50.3 MHz, DMSO-d6): δ 7.8
(SiCH2), 18.7-18.9 (SiOCH2CH3), 23.3 (SiCH2CH2), 41.5 (CH2-
NHCO), 58.3 (SiOCH2CH3, overlapped), 64.0, 70.7, 72.1, 74.2,
73.0 (glucose ring CH and CH2), 172.9 (NHCO). FT-IR (KBr):
1646 cm-1 [ν(CdO)]. MS-ESI (ES+): 422.2 (M + Na, 100)+, 400.2
(M + 1, 15)+, 354 (5), 236 (18).

Covalently Modified Colloidal Silica. Ludox (200 µL) was
diluted with distilled water (1500 µL) and the homogeneous
dispersions were mixed with 1-5 µL of APTES, 5-20 µL of
DADMAC (65 wt % in water), 50-150 µL of MLTES (0.9 M in
water), or 50-150 µL of GLTES (1.25 M in water). The structures
of the modifiers and of the R6G probe are shown in Figure 1. The
concentrationof theseadditiveswas increaseduntil thedispersion
underwent flocculation. In Ludox sols containing 3 wt % SiO2,
the flocculation limit was 0.01 wt % for APTES (0.45 mM), 0.3
wt % for DADMAC (18.5 mM), 2 wt % for MLTES (35.6 mM), and
2.5 wt % for GLTES (62.6 mM). Below these concentration limits,
the surface-modified sols showed excellent colloidal stability for
at least several weeks. After 20 min of incubation at room
temperature, an aliquot of the fluorescent probe in water was
added (0.7 µM probe) and the volume was brought to 2 mL with
water. The use of a dilute aqueous Ludox sol (3 wt % SiO2) and
a low R6G concentration (0.7 µM R6G) prevented additional
depolarizing mechanisms, such as energy transfer, ensuring that
the anisotropy decay data accurately reflected the distribution
of the dye between the bound and free states. Only optically
transparent, nonflocculated sols were used for fluorescence
measurements. In the pyranine-containing samples, the amount
of APTES added was 2.5-10 µL. The blank samples were
prepared as described, except for addition of the fluorescent probe.

(16) Brook, M. A.; Brennan, J. D.; Chen, D. Y. U.S. Provisional Patent
60/384,084, 2002.

Figure 1. Molecular structures of R6G, GLTES, MLTES,
DADMAC, and APTES.
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Steady-State Fluorescence Measurements. Fluorescence
anisotropy measurements were performed on a SLM 8100
spectrofluorometer (Spectronic Instruments, Rochester, NY) as
described elsewhere.17 Single-point fluorescence anisotropy
measurements were made at λex ) 495 nm, λem ) 551 nm for R6G
and at λex ) 438 nm, λem ) 515 nm for pyranine. Appropriate
blanks were subtracted from each of the intensity values (IVV,
IVH, IHV, IHH) used to calculate the anisotropy values,18 and all
fluorescence anisotropy values were corrected for the instru-
mental G factor to account for any polarization bias in the
monochromators. The values reported represent the average of
five measurements each on three samples.

Time-Resolved Fluorescence. Time-resolved fluorescence
intensity and anisotropy decay data of R6G and pyranine were
acquired in the time domain by use of an IBH 5000U time-
correlated single photon counting fluorometer, as described
elsewhere.10,19 In all cases the intensity decay data could be fit
to a single decay time for both R6G and pyranine. The anisotropy
decay was fit to a two-component hindered rotor model according
to15

whereφ1 reflects rapid rotational motions associated with rotation
of free probes in solution,φ2 reflects slow rotational reorientation
of the probes bound to silica nanoparticles, f is the fraction of
probe bound to silica, (1 - f - g) is the fraction of free probe in
solution, g is the fraction of probe that is rigidly bound to larger
particles that rotate more slowly than can be measured with the
R6G probe (φ > 60 ns), and r0 is the limiting anisotropy. In some
cases, the value of gr0 is denoted as r∞, the residual anisotropy.
Fits were considered acceptable if the reduced chi-squared (øR

2)
was close to 1.0 and the residuals showed no clearly nonrandom
pattern.

Results
Steady-State Anisotropy of R6G/Ludox. Figure 2

shows steady-state anisotropy measurements obtained
immediately after the addition of GLTES or MLTES but
before flocculation occurred (i.e., in the first 15 min after
preparation of the samples). In both cases we could detect
a decrease in anisotropy values with increasing concen-
trations of the silane agent added to the Ludox sol. In sols
containing 5 wt % GLTES or MLTES, the anisotropy
values dropped from 0.336 (unmodified Ludox) to 0.117

and 0.09, respectively. Further increases in the concen-
tration of the silane agents had little effect on the
anisotropy values, with minimum values (rmin) approach-
ing 0.087 for GLTES-modified Ludox and 0.078 for
MLTES-modified Ludox.

If we attribute the observed decrease in anisotropy
values to less binding of R6G to the silica particles, as a
result of surface modification, the plateau in the anisotropy
curves (Figure 2) corresponds to the saturation of the silica
surface by the binding reagent. It is worth noting that the
saturation in the GLTES- or MLTES-modified Ludox
occurred far beyond the flocculation limit, which is 2.5
and 2 wt %, respectively. Since the quantum yield of the
probe is similar in the bound and free states, one can
estimate the fractional coverage of the surface by com-
paring the minimum and maximum (limiting) steady-
state anisotropy values as [1 - (rmin/r0)], where rmin/r0 is
the fraction of anisotropy remaining due to bound probe
after maximum coverage of the surface with the modifier,
and thus 1 - (rmin/r0) is the fraction of sites that are
inaccessible to dye, and thus assumed to be bound to the
silane coupling agent. On the basis of this simple equation,
the coverage values are thus estimated to be on the order
of 45% for the sugar silane coupling agents at the
flocculation limits of 2.5 wt % (GLTES) or 2 wt % (MLTES).

Lower anisotropy values were reached in Ludox sols
that were modified with 0.01 wt % APTES (0.020) or 0.3
wt % DADMAC (0.061), corresponding to apparent surface
coverages of ∼94% and 82%, respectively. Higher con-
centrations of these agents led to immediate gel forma-
tion in the case of APTES and to the precipitation of the
sol in the case of DADMAC. For this reason, we could not
measure the anisotropy values at higher concentrations
of these binders.

Time-ResolvedAnisotropyofR6G/Ludox.To obtain
more detailed information on the extent of free probe,
time-resolved anisotropy decays of R6G in modified Ludox
sols were measured. Figure 3 shows anisotropy decays of
R6G in the presence of modified and unmodified Ludox
particles, while Table 1 provides the emission lifetime
and anisotropy decay data for the various Ludox systems.
In all cases R6G exhibited essentially the same fluores-
cence lifetime, extinction coefficient, and quantum yield
in water in the absence or presence of Ludox, indicating
that the fluorescent properties of the silica-bound and
free probe in water are the same. Thus, the fractional
fluorescence associated with each decay component could
be directly correlated to the fraction of probe present in
each of the three states. In water, the steady-state
anisotropy of R6G was 0.0081 ( 0.0004 and a single
component adequately described the intensity and ani-
sotropy decays, with a lifetime of 3.85 ( 0.01 ns and a
rotational correlation time of 0.16 ( 0.01 ns, consistent
with previous studies of R6G-silica systems.14,20,21 In the
presence of unmodified Ludox, the steady-state anisotropy
of R6G was 0.3361 ( 0.0007 and the anisotropy decay
resulted in one fluorescence lifetime (3.99 ( 0.01 ns), two
rotational correlation times of 0.16 ( 0.01 ps and 5.6 (
0.6 ns, respectively, and a residual anisotropy of ∼0.26 (g
) 0.79). Fitting to a model that did not account for a
residual anisotropy resulted in unrealistically long rota-
tional correlation times on the order of several microsec-
onds or more.

The picosecond component was of the same value as
that measured for R6G in water, indicating that it(17) Zheng, L.; Reid, W. R.; Brennan, J. D. Anal. Chem. 1997, 69,

3940.
(18) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 2nd ed.;

Plenum Press: New York, 1999.
(19) Tleugabulova, D. Zhang, Z. Brennan, J. D. J. Phys. Chem. B

2003, 107, 10127.

(20) Geddes, C. D.; Karolin, J.; Birch, D. J. S. J. Phys. Chem. B 2002,
106, 3835.

(21) Narang, U.; Wang, R.; Prasad, P. N.; Bright, F. V. J. Phys. Chem.
1994, 98, 17.

Figure 2. Steady-state anisotropy of R6G in aqueous Ludox
sols containing GLTES (O), MLTES (b), DADMAC (2), and
APTES (inset graph; 9). Measurements were taken in non-
flocculated samples immediately after the addition of the
corresponding reagents to the Ludox sol. Experimental error
is less than 0.6%. R6G, 0.7 µM. Excitation, 495 nm; emission,
551 nm. Arrows show the flocculation limit for the different
silane modifiers.

r(t) ) fr0 exp(-t/φ1) + (1 - f - g)r0 exp(-t/φ2) + gr0 (1)
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describes the rotation of free probe. The origin of the
nanosecond component observed for R6G in the Ludox sol
is unclear. Possible explanations may include (1) dye that
is rigidly bound through ionic interactions to small silica
particles (1-3 nm in radius), (2) local rotational motion
(i.e., wobble motions20) of R6G bound to larger particles,

(3) an average rotational correlation time corresponding
to a fraction of dye that rapidly associates and dissociates
with the silica surface on the time scale of the fluorescence
decay process, or (4) a fitting artifact. Given that the
fractional contribution from the nanosecond decay com-
ponent was as high as 30%, it is unlikely that this

Figure 3. Decays of fluorescence anisotropy for R6G in Ludox sols in (a) water; (b) 0.3 wt % DADMAC; (c) 2.5 wt % GLTES; (d)
2 wt % MLTES; and (e) 0.01 wt % APTES. SiO2, 3 wt %; pH 8.5. R6G, 0.7 µM. Excitation, 495 nm; emission, 551 nm.

Table 1. Anisotropy Decay Data for R6G in Ludox Aqueous Suspensions Containing Different Additivesa

solvent

water
0.3 wt %

DADMAC
2.5 wt %
GLTES

2.0 wt %
MLTES

0.005 wt %
APTES

0.01 wt %
APTES

τ, ns 3.99 ( 0.01 3.87 ( 0.01 4.00 ( 0.01 4.00 ( 0.01 3.88 ( 0.01 3.87 ( 0.01
øR

2 1.18 1.21 1.18 1.09 1.15 1.11
φ1, ns 0.16 ( 0.09 0.19 ( 0.02 0.15 ( 0.02 0.16 ( 0.01 0.20 ( 0.01 0.17 ( 0.01
φ2, ns 5.6 ( 0.6 2.0 ( 0.4 2.3 ( 0.5 2.1 ( 0.2 2.2 ( 0.9 1.7 ( 0.9
r0 0.319 0.328 0.351 0.355 0.308 0.312
r∞ 0.251 0.046 0.171 0.193 0.056 0.027
g 0.788 0.140 0.487 0.544 0.182 0.086
f 0.006 0.550 0.224 0.164 0.725 0.804
1 - f - g 0.206 0.310 0.289 0.292 0.093 0.110
øR

2 0.92 0.92 0.88 0.95 1.05 0.96
a τ, fluorescence lifetime; φ1 and φ2, rotational correlation times; f, fractional contributions to anisotropy decay owing to φ1; (1 - f - g),

fractional contributions to anisotropy decay owing to φ2; r0, limiting anisotropy; r∞, residual anisotropy; g, fraction of dye bound to large
silica spheres (radius > 3 nm, g ) r∞/r0).
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component arises from a simple fitting artifact. Further-
more, the polydispersity of Ludox is only 10-15% in water,
thus we do not expect there to be a significant number of
small particles present. Thus, it is most likely the case
that the nanosecond rotational component originates from
dye that is weakly bound to large particles. Thus, the sum
of fractional fluorescence values from the nanosecond and
residual anisotropy components is likely to accurately
reflect the total amount of bound probe and can be used
to monitor the effects of silica surface modification. In the
case of unmodified Ludox, the overall motion of R6G is
composed of rigidly bound dye (78.8%), loosely bound dye
that is more weakly associated with large particles (20.6%),
and free rotation of probe in water (0.6%), as shown in
Table 1. Hence, more than 99% of R6G is found in the
silica-bound state. The observed distribution was un-
changed with storage of the sample for several days,
indicating no desorption of dye with time.

Time-Resolved Anisotropy of R6G in Modified
Ludox Sols. In Ludox-free aqueous solutions containing
0.3 wt % DADMAC, 0.01 wt % APTES, 2.5 wt % GLTES,
or 2 wt % MLTES, R6G showed a monoexponential
intensity and anisotropy decay with a fluorescence lifetime
of ≈3.9 ns, a rotational correlation time of ∼0.17 ( 0.02
ns, and a limiting anisotropy close to zero. Given that the
anisotropy decays of R6G in sols of Ludox modified with
the same coupling agents showed similar values for the
fluorescence lifetime and the picosecond rotational com-
ponent, it is likely that there was no direct interaction
between the dye and the silane coupling agent.

Anisotropy decays for R6G in modified Ludox sols also
showed the presence of both nanosecond and residual
anisotropy components (Table 1), consistent with dyes
that are associated with covalently modified silica par-
ticles, as was the case for the unmodified Ludox particles.
It is worth noting that the nanosecond rotational cor-
relation time in the modified sols differed significantly
from the value of ∼5.6 ns observed in unmodified Ludox
solutions, consistent with weaker interactions of the dye
with the surface and thus faster “wobble” motions.

The most significant difference in the anisotropy decays
of modified Ludox particles relative to unmodified particles
was in the fractional contributions of the picosecond,
nanosecond, and residual anisotropy components. For
example, the g value decreased from 0.79 to 0.14 and the
fraction of free probe increased from 0.6% to 55% in the
presence of 0.3 wt % DADMAC in the Ludox sol (Table 1).
Being a quaternary amine, DADMAC blocks the anionic
sites on the surface of silica particles, making them less
accessible for R6G adsorption. Potentially, a higher degree
of the surface charge neutralization could be expected at
higher DADMAC concentrations; however, this situation
leads to flocculation of the silica sol and thus cannot be
tested by time-resolved anisotropy.

Time-resolved anisotropy decays in Ludox sols modified
with 2.5 wt % GLTES, 2 wt % MLTES, and 0.01 wt %
APTES showed marked decreases in the g value and
correspondingly higher fractions of free probe. Such results
are consistent with binding of the silane coupling agents
to the silica surface, although it must be noted that other
scenarios, such as hydrogen bonding of the sugar or amino
functional groups to the silica, may also be possible. The
addition of the neutral sugars MLTES and GLTES
increased the fraction of free probe to 16-22% (Table 1).
However, upon modification of Ludox with APTES, the
fraction of free R6G increased dramatically, and in a
concentration-dependent manner, from 0.6% to 79%,
showing conclusively that APTES blocked the adsorption
of the dye to the silica surface. These results indicate that

the modification of silica particles with cationic silane
agents has the most dramatic effect on the fraction of free
R6G, which is likely a consequence of both blockage of
silica sites by binding of the silane terminus of APTES
and blockage of further silanolate or silanol sites due to
electrostatic or H-bonding to the amino terminus of the
coupling agent. It is also possible that grafting to the
surface is much more efficient with the self-catalyzing
APTES reagent. Overall, this results in far fewer anionic
sites on the particle surface available for binding of the
cationic R6G probe.

Comparison of Steady-State and Time-Resolved
Anisotropy Data for R6G/Ludox. It is interesting to
compare the estimated surface coverage from steady-state
anisotropy measurements of modified Ludox to the
fractional contribution of the fluorescence from free dye
obtained by time-resolved anisotropy. For DADMAC,
steady-state anisotropy suggests that ∼82% of the surface
is covered based on the value calculated from 1 - (rmin/r0),
while time-resolved anisotropy data suggest that only 55%
of the surface is covered based on the value of f. A similar
situation exists in the case of APTES, where the amount
of free probe determined by time-resolved anisotropy (80%)
is again lower than that calculated from steady-state
anisotropy values (94%). Similarly, for the sugar silanes,
the amount of free probe observed from time-resolved
decays (16-22%) was much lower than that calculated
from steady-state anisotropy values (ca. 45%). However,
if one compares the coverage obtained from steady-state
anisotropy to that of the residual anisotropy (0.14 for
DADMAC and 0.09 for APTES, which corresponds only
to rigidly bound probe), then one obtains a value of 86%
probe that is free or that displays significant mobility for
DADMAC, 91% mobile probe for APTES, and 45-50%
mobile probe for the sugar silanes, all of which are in good
agreement with the results of steady-state anisotropy
experiments. Clearly, the difference lies in the presence
of the nanosecond component, which corresponds to bound
dye that has relatively rapid rotational motion. Such
motions provide lower than expected steady-state ani-
sotropy values for R6G, which correspond to higher surface
coverages of the modifiers than are actually the case. These
examples clearly demonstrates that steady-state anisot-
ropy values can overestimate the amount of “free” probe,
and hence the extent of surface modification, and high-
lights the importance of using time-resolved anisotropy
decays to accurately assess the distribution of dye in Ludox
systems.

Time-Resolved Anisotropy of Pyranine in APTES-
Modified Ludox Sols. The structure of the APTES
molecule (Figure 1) consists of an amine group and a silane
group at either end of the molecule, separated by a propyl
chain. Hence, it can bond to the silica surface via either
the silanol and/or the amine group.22 If the APTES
molecules are oriented with the silanol groups at the
interface and the amine groups exposed to solution, the
APTES-modified silica particles would then be expected
to bind electrostatically with the negatively charged probe
pyranine, altering its anisotropy properties. To study the
orientation of APTES molecules at the surface of modified
Ludoxparticles,wemeasuredthe time-resolvedanisotropy
decays of pyranine in Ludox containing 0, 0.005, 0.01,
and 0.02 wt % APTES. In all cases, the resulting intensity
decays of pyranine were best fit to a single fluorescence
lifetime of 5.23 ( 0.01 ns, in agreement with previous

(22) van Ooij, W. J.; Sabata, A. In Silanes and Other Coupling Agents;
Mittal, K. L., Ed.; VSP: Utrecht, The Netherlands, 1992; pp 323-343.
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reports,23,24 and more importantly, the anisotropy decays
(Figure 4) showed only a single correlation time component
of 0.10 ( 0.01 ns and residual anisotropy values close to
zero, consistent with the probe being exclusively in the
free state. The g value of zero indicates the absence of
interactions between pyranine and the APTES-modified
silica particles, even at APTES concentrations exceeding
the flocculation limit (>0.01 wt %). This result clearly
shows that there is no inversion of the surface charge due
to APTES modification, suggesting that the surface is not
highly charged.

Discussion

Time-resolved anisotropy provides information that can
be used to probe the modification of silica particle surfaces.
For determination of surface coverage, the most valuable
information is the fractional contribution from the pico-
second, nanosecond, and nondecaying components to total
anisotropy, rather than the absolute rotational correlation
time values. As shown in the present work, the modifica-
tion of silica particles with small ions and silane agents
has a clear effect on the fraction of free R6G: fewer
available surface anionic sites leads to an increase in the
amount of free R6G. For example, R6G is strongly adsorbed
on unmodified silica nanoparticles, to the extent that less
than 1% of the dye is present in the surrounding aqueous
solution. Addition of the cationic salt DADMAC led to a
significant blockage of probe adsorption, which is to be
expected because of favorable electrostatic interactions
between the ammonium groups and the silanolates on
the silica. An intermediate magnitude of probe adsorption
was obtained upon modification of the silica with the
neutral species GLTES and MLTES, which are likely
bound to the silica surface via reaction with the silanol
groups. These agents are nonionic, and thus while they
may partially cover the surface, they do not lead to charge
balancing; thus R6G likely covers all accessible, unmodi-
fied silanolate sites. It should be noted that our studies
of R6G adsorption to polar, nonionic surfaces, as exempli-
fied by PEO polymers, showed little or no adsorption to
such surfaces,10 suggesting that ionic interactions are
necessary for strong binding of R6G to modified silica.

Among the compounds tested in the present work, the
modification of Ludox with APTES led to the highest
degree of blockage of R6G adsorption (∼80%) at the lowest
amount of the modifier used (0.45 mM APTES). The
hydrolysis of APTES in water leads to the formation of
three silanol groups and an ammonium group separated

from silicon by a propyl chain. Hence, binding to the silica
particles could occur via either silanol and/or amine groups
(Figure 5). The formation of the zwitterionic species RNH3

+

-OSit isknowntooccurwhen (aminopropyl)silica contacts
an aqueous medium.25 In the case of zinc oxide surfaces,26

it was shown that the surface orientation of APTES
molecules is pH-dependent: when the pH of the solution
is lower than the isoelectric point of the surface, the
adsorbed APTES molecules are oriented with the silanol
groups at the interface, whereas at pH values higher than
the isoelectric point of the surface, the molecules are
oriented with the amine groups at the interface. On silica
surfaces one would expect a much stronger driving force
for the formation of covalent bonds to the surface, which
would likely result in extensive siloxane bond formation.
The protonation of “free” amine groups is characterized
by an apparent pKa above 9, whereas the intrinsic pKa

(23) Pan, B.; Chakraborty, R.; Berglund, K. J. Cryst. Growth 1993,
130, 587.

(24) Chakraborty, R.; Berglund, K. J. Cryst. Growth 1992, 125, 81.

(25) Zhmud, B. V.; Sonnefeld, J. J. Non-Cryst. Solids 1996, 195, 16.
(26) Watts, B.; Thomsen, L.; Fabien, J. R.; Dastoor, P. C. Langmuir

2002, 18, 148.

Figure 4. Anisotropy decays for pyranine in an aqueous Ludox
sol containing 0.01 wt % APTES. Pyranine, 0.7 µM. Excitation,
438 nm; emission, 515 nm.

Figure 5. Model of possible conformations of APTES molecules
on the surface of silica particles: (a) bonding via protonated
amine group; (b) bonding via protonated amine group and
condensed silanol adsorption; and (c) surface bonding via silanol
group.
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value for surface silanol groups is 6.8.27 Hence, at pH 8.5
in our Ludox system, we would expect the initial orienta-
tion of molecules with the amine groups at the interface,
followed by siloxane bond formation. This expectation was
corroborated experimentally by time-resolved anisotropy
for pyranine in unmodified and APTES-modified Ludox
at concentrations below and above the flocculation limit.
Above the flocculation limit, it was still possible to collect
the anisotropy data because the gel formed was optically
transparent. As a result, no binding of pyranine to the
modified Ludox particles was observed, which indicates
the absence of excess ammonium groups on the particle
surface.

The adsorption of APTES molecules through the amine
groups leads to two possible adsorbate conformations:
surface bonding via protonated amine group and con-
densed silanol adsorption (i.e., physisorption vs chemi-
sorption, as shown in Figure 5). In the case of DADMAC,
only one conformation is possible. By comparing both
modifiers, it becomes evident that a lower amount of
APTES leads to a higher extent of blockage of R6G
adsorption as compared to DADMAC. This situation likely
reflects an inability of DADMAC molecules to bind strongly
to the surface due to conformational constraints. It is also
possible that the APTES molecules on the silica surface
lie flat and are bound to the silica at each end (Figure 5b),
thus blocking the surface effectively. This idea is further
supported by the fact that the distance between the
nitrogen and silicon moieties within the APTES molecule
(∼6 Å28) matches the distance between silanol groups on
the silica surface, which is around 5 Å.29 At concentrations
higher than 0.01 wt %, we speculate that the adsorbed
APTES molecules could preferentially assume the per-
pendicular orientation, blocking the anionic sites by
ammonium groups and exposing silanol groups to the
aqueous phase. Because of the charge neutralization, the
APTES-modified Ludox particles do not repel each other
and can be cross-linked through the surface-exposed

APTESmolecules.Thisexplains the formationof thegelled
network at concentrations of APTES higher than 0.01 wt
%.

Conclusions

Time-resolved anisotropy of the cationic dye rhodamine
6G can be used to estimate the degree of surface
modification of colloidal silica by organosilane agents by
comparing the fractional contributions of picosecond,
nanosecond, and residual anisotropy components obtained
in Ludox sol before and after modification. The decrease
in the steady-state anisotropy function of R6G in the
modified Ludox sol is mainly due to a lower degree of
binding of the probe to the modified particle surface and,
in part, to the increased rotational mobility of the bound
dye in modified Ludox suspensions. The results conclu-
sively show that the modification of the surface with
cationic silanes leads to the best blockage of R6G adsorp-
tion, consistent with significant coverage of anionic sites
on the silica surface by this compound. Furthermore,
complementary anisotropy studies with the anionic probe
pyranine point to APTES being oriented perpendicular to
the silica surface with the amine group associated with
the silica surface either electrostatically or through
hydrogen bonding. These results provide strong evidence
that APTES should be a useful surface modifying agent
to reduce nonselective interactions of charged species with
silica and that APTES-modified silica may thus prove to
be useful for passivating chromatographic surfaces that
are used for bioaffinity chromatography.30 Chromato-
graphic studies with APTES-modified surfaces are un-
derway in our lab, and the results of the study will be
reported in a future paper.
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