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Abstract: Using nonlinear optics, we show that acid—base chemistry at aqueous/solid interfaces tracks
bulk pH changes at low salt concentrations. In the presence of 10 to 100 mM salt concentrations, however,
the interfacial acid—base chemistry remains jammed for hours, until it finally occurs within minutes at a
rate that follows the kinetic salt effect. For various alkali halide salts, the delay times increase with increasing
anion polarizability and extent of cation hydration and lead to massive hysteresis in interfacial acid—base
titrations. The resulting implications for pH cycling in these systems are that interfacial systems can spatially
and temporally lag bulk acid—base chemistry when the Debye length approaches 1 nm.

Introduction

Interfacial acid—base processes are ubiquitous in nature.' ~©

Physical chemistry tells us that acid—base properties at interfaces
should track acid—base properties in the bulk under equilibrium
conditions. However, charge-balancing at the interface’ ° as
well as the molecular environments of the bulk and the
interfacial species can shift interfacial acid—base equilibria by
multiple pK, units from their corresponding bulk solution
values.”'°'® While a molecular-level understanding of these
dramatic effects has now emerged for equilibrium, or steady-
state conditions, their influence on the time dependence of
interfacial acid—base reactions is just beginning to be under-
stood. For instance, dynamic measurements using a surface force
balance show that, following progressively longer waiting times
after separation from contact, mica loses protons to approach
its equilibrium charge state in water via an activated process
that can be affected by the salt concentration in the surrounding
aqueous solution.'” While pH-sensitive chromophores diluted
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into surfactants at air/water interfaces have been studied as a
function of electrolyte concentration,’ time delays or hysteresis
was not reported for those highly mobile two-dimensional
systems. Hysteresis, however, was observed in electroosmotic
measurements of silica capillaries'® and calorimetric bulk
equilibrium measurements on colloidal silica,'® the latter of
which can be rationalized using statistical rate theory.”®

Here, we apply nonlinear optics to show that interfacial
acid—base chemistry tracks the bulk pH at low salt concentra-
tions. In the presence of 10 to 100 mM salt concentrations,
however, the interfacial acid—base chemistry remains jammed
for hours, until it finally occurs within minutes at a rate that
follows the kinetic salt effect. For various alkali halide salts,
the delay times increase with increasing anion polarizability and
extent of cation hydration and lead to massive hysteresis in
interfacial acid—base titrations.

Experimental Section

We use a flow system (Figure 1A) described previously*'-** to

monitor the interfacial protonation state in real time and in situ
using an optical probe that is based on the “}** method”.'* The
square root of the measured second harmonic generation (SHG)**-**
intensity yields the SHG E-field, which depends on the interfacial
potential, produced by the interfacial charges, whose density is given
by the number density of the interfacial SiOH, SiO™, and SiOH,*
groups (Figure 1B). For charged interfaces, the second harmonic
generation (SHG) E-field can be modeled with the familiar second-
order response to which a third-order term is added, according to
Esug = yPELE, — ¥ E,E,®,."* The third-order response is given
by the product of the third-order nonlinear susceptibility, 3, the
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Figure 1. Experimental setup and illustration of the interface. (A)
Experimental setup: The laser system consists of an optical parametric
amplifier driven by a kilohertz regeneratively amplified diode-pumped Ti:
sapphire laser system (Spectra Physics/Newport) producing 120 fs pulses
that are directed onto a fused silica/water interface at pulse energies below
2 uJ, which is well below the damage threshold when using a 50 u4m spot
size. P = polarizer, F = filter, 1/2 = half-wave plate, L = lens, M = mirror,
PP = peristaltic pump, Mono = monochromator, PMT = photomultiplier.
All experiments are carried out at room temperature and in duplicate on
five different fused silica hemispheres. (B) Charged and neutral species at
silica/water interfaces and those functionalized with organic acids (L =
linker) in the presence of a flowing bulk aqueous phase containing electrolyte
(sodium chloride) adjusted to a given bulk pH. The presence of the diffuse
electrical double layer is indicated by the color gradient.

two applied electromagnetic probe fields oscillating at frequency
w, E,, and the interfacial potential, ®,, which is produced by the
interfacial charges, the corresponding spatial distribution of the
counter charges, and dipolar arrays of aligned water molecules.
The localization of the protonatable and deprotonatable groups at
the interface and the high sensitivity of the ¥ method to the
interfacial potential make the experiment interface specific.

The signal detection formalism corresponds to a heterodyne
detection scheme. At a given bulk solution pH, the interface contains
a corresponding number of charged and neutral species (Figure 1B)
consisting of either SiOH, SiO~, and SiOH, " groups®® in the case
of the fused silica/water interfaces, or of Si—R—COOH and
Si—R—COO™ groups® in the case of the amino-acid-functionalized
fused silica/water interfaces. By modulating the pH of the bulk
solution, the relative populations of these different surface sites
change, which leads to a change in the overall charge density and
consequently the interfacial potential. On a molecular level, the
interfacial potential aligns the water molecules within the diffuse
electrical double layer that is presumably set up at a charged
aqueous/solid interface.?® The x** response of the interfacial water
molecules, whose structure®”-*® and dynamics>® have been deter-
mined using sum frequency generation, can then contribute to the
SHG E-field produced at the interface. If the experiments are carried
out at constant pH and varying salt concentration, the measured
SHG E-field response yields the interfacial charge density via
various electrical double-layer models.”-'!6-3

Results and Discussion

Figure 2A,B shows that bulk pH jumps between 3 and 11
change the SHG E-field. We reference the time-dependent SHG
E-field to the SHG E-field recorded before the jump, which
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Figure 2. Normalized SHG E-field change referenced to the SHG E-field
at t = 0 min (left axis, thin trace) recorded as a function of time from
fused silica/water interfaces at electrolyte concentrations of 1 mM (A) and
50 mM (B) for pH jumps (right axis, thick trace) between 3 and 11. To
maintain constant ionic strength, HCl and NaOH stock solutions of the same
NaCl bulk concentration are used to adjust the pH; Asyg = 300 nm. The
polarization combination was p-in/all-out, and the bulk flow rate was held
at 0.3 mL/s.

occurs at + = 0 min, and normalize to the SHG E-field at t =
50 min after the jump. If the bulk salt concentration is
maintained at 1 mM, the interfacial protonation state tracks the
bulk pH; that is, the pH in the bulk and at the interface change
simultaneously (Figure 2A). However, when the bulk salt
concentration is increased to 50 mM, the interfacial response
is substantially delayed with respect to the bulk pH jump (Figure
2B). The salt concentration dependence of the time delays
observed here is reminiscent of that reported for block-
copolymer dissociation triggered by pH 12 to 4 jumps, which
shows second-long time delays when salt is present at 1.0 M
but none in its absence.’' Control studies (see Supporting
Information) indicate that mixing conditions, dissolution, im-
purities, or laser heating or instabilities are unlikely causes for
the delay times. Furthermore, initiating small pH jumps or anion
or cation adsorption experiments near neutral conditions do not
result in time delays, even at 0.5 M salt concentrations. Instead,
we find that the delay times are overwhelmingly controlled by
the difference in the initial and final pH values, the salt
concentration, and the chemical composition of the alkali halide
salt used in the experiments.

We analyze the SHG versus time traces recorded during the
pH jumps by sigmoidal fits of the form y = 1/[1 + n x exp(r(r
— 1)]. Here, y is the SHG E-field change, n is a fit parameter
related to the initial and final SHG E-field change, and r is the
rate of the SHG E-field change. The inflection point of the
s-shaped time traces is located at the delay time 7. Figure 3A
shows that the delay times increase until the salt concentration
reaches about 100 mM, after which they last, on average, 100
min with a standard deviation of 20 min (Figure 3B).

Consistent with the notion that the interfacial negative charge
density'*2* is higher at pH 11 than at pH 3, which is close to
the point of zero charge (pzc, ~2 for fused silica),* the delay
times are two to three times shorter for the pH 11 to 3 jumps
than for the reverse jumps. Similarly, the rates of the SHG
E-field change are about two times faster for the pH 11 to 3
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Figure 3. (A) Delay times for the SHG E-field versus time traces as a function of increasing electrolyte concentration for pH jumps starting at 3 and ending
at 11. (B) Histogram of time delays recorded for salt concentrations above 100 mM. (C) Logarithm of the rate of the SHG E-field change as a function of
the square root of the ionic strength for pH 3 to 11 jumps. The thick straight line is the best fit to a linear function of the form y = ax + b, and the thin

straight lines are the upper and the lower bounds resulting from the fit.
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Figure 4. Delay times for (A) pH 3 to 11 jumps and (B) pH 11 to 3 jumps
measured for various 50 mM alkali metal halide solutions.

jumps than for the reverse jumps. Reflecting the importance of
charge—charge interactions between the aqueous and the
interfacial reactants, the rates depend on the bulk ionic strength
and follow the kinetic salt effect®® (Figure 3C). The negative
slopes, which indicate oppositely charged reactants, yield
absolute reactant charge valences ranging from 0.99 to 1.29,
consistent with the presence of OH  and SiOH*>".

Using various 50 mM alkali halide salts, we find that the
rate of the SHG E-field change does not depend on which alkali
halide salt is used in the experiment. The delay times, however,
show a clear dependence on the choice of the alkali cation and
the halide anion. The pH 3 to 11 jumps begin with an interface
that is only slightly negatively charged, and cations and anions
should be present at comparable number densities near the
interface. Small cations such as lithium, which are strongly
hydrated,* are expected to rigidify the interfacial water structure
within the diffuse electrical double layer, while larger cations
such as potassium should form less rigid interfacial water
structures. If the delay times were to correlate with the rigidity
of the interfacial water structure, then strongly hydrated cations
should result in longer delay times than weakly hydrated cations.
The data shown in Figure 4A are consistent with this scenario,
especially when bromide or iodide is used as the anion, the latter
leading to delay time increases by up to 30 min when switching
from lithium to potassium.

In pH 11 to 3 jumps, the experiment begins with a high
interfacial density of negative charge to which the alkali cations
should be attracted while the halide anions are located further
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Figure 5. Hysteresis at the silica/water interface. (A) Predicted steady-
state (green curved arrows) and non-steady-state (blue and red bent arrows)
acid—base surface titration experiment. D is the degree of deprotonation;
the empty circles and the white stars indicate initial and final pH conditions,
respectively, and the direction of the pH change is indicated by the direction
of the arrows and the blue and red colors. (B) SHG E-field change referenced
to the lowest SHG E-field and normalized to the maximum SHG E-field
recorded during the acid—base surface titration of the fused silica/water
interface. The experiments are carried out at a flow rate of 0.3 mL/s and an
electrolyte concentration of 0.5 M. They are initiated at neutral pH (green
filled circles) and at pH 3 (red empty squares) or 11 (blue filled squares).
When starting at pH 3 or 11, the steady-state response is reached after up
to 4.5 h and once the final pH (11 or 3) is reached.

100 mM Electrolyte

Figure 6. Normalized SHG E-field change (left axis, thin trace) versus
time trace from fused silica/water interfaces functionalized with y-amino
butyric acid (GABA) subjected to bulk solution pH jumps (right axis, thick
trace) between pH 3 and 11 at an electrolyte concentration of 0.1 M NaCl.

away toward the aqueous phase. Similar to what is observed in
equilibrium experiments addressing halide adsorption to water/
vapor interfaces,” an important property to consider for the
anions may be their polarizability. With respect to the incoming
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hydronium ions, the rigidity of the interfacial water structure
would then be primarily given by the magnitude of the induced
dipole moments set up within the adsorbed anions. The data
shown in Figure 4B are consistent with this scenario: the delay
times increase by up to 250% when going from less polarizable
chloride to more polarizable iodide, while the dependence of
the delay times on the extent of cation hydration is much less
pronounced. We note that a rigid interfacial water structure and
screening of the charged surface sites should decrease the driving
force for the acid—base reactions. Conversely, faster bulk supply
rates of the hydronium or hydroxide ions should decrease the
delay times and increase the rate at which the aqueous ions
penetrate the interfacial water structure. This is indeed observed
for 50 mM salt concentrations but not for 0.5 M salt concentra-
tions (see Supporting Information), where the delay times and
rates are largely insensitive to the bulk flow rate. As expected,
stirring to turbulent flow conditions is found to disrupt the
structure of the charged double layer and the interfacial acid/
base chemistry responds instantaneously, independently of the
salt concentration used.

The results presented here suggest that surface acid—base
titrations should depend on the starting bulk pH condition and
the extent of the pH jump (Figure SA). We illustrate this path
dependence by first initiating pH jumps covering less than two
pH units near neutral conditions. Clear time delays are not
observed even at 0.5 M salt concentrations, and the steady-
state interfacial acid—base titration curve first reported by
Eisenthal and co-workers'? is obtained.

When we now begin the interfacial acid—base titration
experiment under acidic (pH 3) or basic (pH 11) conditions
instead of neutral pH, we observe massive hysteresis. In these
experiments, we carry out four pH jumps, each covering two
pH units. After each pH jump, we wait for up to 1 h while
recording the SHG E-field versus time trace. Figure 5B clearly
shows that the SHG E-field does not change until the bulk pH
reaches either 11 or 3, at which point up to 4.5 h have passed.
When the SHG E-field finally changes, it reaches the steady-
state level that is obtained for pH 11 or 3 when initiating
acid—base titrations at neutral pH. We note here that pH jumps
initiated at pH 3 or 11 spanning less than eight pH units should
eventually result in interfacial protonation state changes, but
this process takes up to 1 h at 50 mM salt and at 0.5 M salt
was not observed during the duration of the 5-h experiment.
These observations suggest that the differences in bulk solution
pH must be substantial if the interface is to respond within
reasonable time scales at high salt concentrations.

We note that the (1102) a-alumina/water interface, which
possesses a higher pzc value (5.2) than fused silica,**° shows
the same qualitative albeit shorter time delay (see Supporting

Information), indicating, as expected, that the pzc value plays
an important role. Finally, the time delays also exist for organic
acid—base systems. In this case, we functionalize a fused silica/
water interface with y-amino butyric acid (GABA).*” The pH
jumps between 3 and 11 carried out at high electrolyte
concentration lead to time delays (Figure 6) and hysteresis
(Supporting Information) that are similar to what we observe
for the inorganic systems at comparable salt concentrations.
These observations suggest that the dynamic response behavior
may be general for many acid—base equilibrium involving
surface-localized and immobile species under electrolyte solution.

Conclusions

The dynamic and steady-state experiments presented here
show that salt can jam interfacial acid—base chemistry for hours.
As a result, the interfacial protonation states of surface-bound
acids and bases are shifted much further away from their
corresponding bulk values than what had been known previously
about these systems under steady-state conditions.''™'> The
effect requires flow rates and electrolyte concentrations that are
prevalent in atmospheric aerosol chemistry, heterogeneous
contaminant processing in geochemistry, drug design and
delivery in medicine, and biodetection and sensor function in
biodiagnostics. The resulting implications for pH cycling in these
systems are that interfacial systems can spatially and temporally
lag bulk acid—base chemistry when the Debye length ap-
proaches 1 nm.
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