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We present a combined theoretical and experimental analysis of the solid–liquid interface of fused-silica
nanofabricated channels with and without a hydrophilic 3-cyanopropyldimethylchlorosilane (cyanosi-
lane) coating. We develop a model that relaxes the assumption that the surface parameters C1, C2, and
pK+ are constant and independent of surface composition. Our theoretical model consists of three parts:
(i) a chemical equilibrium model of the bare or coated wall, (ii) a chemical equilibrium model of the buf-
fered bulk electrolyte, and (iii) a self-consistent Gouy–Chapman–Stern triple-layer model of the electro-
chemical double layer coupling these two equilibrium models. To validate our model, we used both pH-
sensitive dye-based capillary filling experiments as well as electro-osmotic current-monitoring measure-
ments. Using our model we predict the dependence of f potential, surface charge density, and capillary
filling length ratio on ionic strength for different surface compositions, which can be difficult to achieve
otherwise.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Understanding silica surfaces is important especially in the field
of micro- and nanofluidics due to the emerging applications in
pharmaceuticals, environmental health and safety, and bioanalyti-
cal systems [1–3]. Additionally, silica surfaces are scientifically of
great interest, displaying rich phenomena because of the coupling
of surface chemistry, electrokinetics, and fluid dynamics bridging
molecular and continuum macroscopic length scales. As a result,
new properties are observed which are not present in the bulk,
e.g. vastly increased viscosity near solid surfaces, changes in ther-
modynamic properties, and changes in chemical reactivity at the
liquid–solid interface [4,5]. The solid–liquid interface is therefore
a subject of general interest; it is here where most of the unique
inherent physics of nanofluidic systems is found.

Recently, due to the advances in nanofabrication technology,
there has been an increasing number of experimental studies of
the solid–liquid interface using nanochannels [6–11]. Though
much work has been dedicated towards understanding how the
electric double layer influences the flow of electrolytes at the nano-
scale [12–14], there are still large quantitative discrepancies be-
tween theoretical modeling and experimental observations
[5,15]. One of the complicating factors with studying nanofluidic
ll rights reserved.
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transport processes is the influence from external forces typically
used to drive transport at the nanoscale [2,4,5]. Therefore, capillary
filling is an ideal platform to study intrinsic electrochemical reac-
tions between the channel surface and the advancing electrolyte
[9,16–18].

Janssen and co-workers [9] investigated the deprotonation in
silica nanochannels during capillary filling. The authors used the
pH-sensitive fluorescent dye fluorescein as an indicator of the local
pH of the electrolyte in the channel during the transient capillary
filling. Two regions were observed: (i) one region closest to the
nanochannel entrance of full fluorescence signal and hence with
the original pH (above the point of fluorescent quenching), and
(ii) a dark region closest to the meniscus of no fluorescence signal
and therefore with a pH equal to that of the point of zero charge
pHpzc of the surface (below the point of fluorescent quenching).
The ratio of the extent of these two regions combined with knowl-
edge of the composition of the buffer indicated the amount of pro-
tons that were released from the wall, which was found to be in the
range 0.1–1 protons per nm2. These values were then fitted to a
theoretical model as a function of ionic strength and bulk pH, using
electrolytes with different amounts of KCl and Tris–HCl buffer.
Good agreement between theory and experiment was found by fit-
ting a Stern-layer capacitance of 2.3 F m�2.

Although this capillary filling study has provided valuable in-
sight regarding the solid–liquid interface of bare silica, different
surface coatings have yet to be investigated, and a general theoret-
ical model of the interface is still missing. Therefore the aim of this
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Fig. 1. Sketch of the solid-electrolyte interface showing the atoms/ions as hard
spheres of sizes proportional to their hydrated or covalent radii (see Supporting
information Sec. S2). To the left are the five possible surface site complexes: (i)
SiOH, (ii) SiOK, (iii) SiOHþ2 , (iv) SiC6H12NSi (cyanosilane), and (v) SiO�. In between
the solid SiO2-wall and the charge neutral bulk there are three interfacial layers
with the following surface charges: r0, the layer containing the reactive surface
groups; rb, the layer containing adsorbed K+ and cyanosilanes; and rd, the diffuse
screening layer. Also indicated on the figure is a graph of the electric potential /
(red full curve) and the three interfacial potentials /0, /b, and /d. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1
Input and output parameters used in our model.

Quantity Symbol Unit

Input parameters, literature
Viscosity g Pa s
Surface tension c N m�1

Relative permittivity, electrolyte er = 78
Ionic valences z
Chemical family X
Chemical family member (ion) Xz

Valence minimum/maximum nX/pX

Equilibrium constants for bulk pKX,z

Diffusion constants D m2 s�1

Electrophoretic mobilities l m2 s�1V�1

Total surface site density Ctot nm�2

pK�: SiOH� SiO� þ Hþ0 pK�
pKK: SiO� þ Kþb � SiOK pKK

Input parameters, measured
Channel dimensions h,w,L m
Contact angle h
Temperature T K
Fluorescent, dark zone-length Lfl, Ld m
Meniscus position Lfl + Ld m
Applied potential difference DV V
Conductivity rel S m�1
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work is to extend the current model to allow surface-related
parameters, such as Stern-layer capacitance Cs and the surface
equilibrium pKa constants to vary with the composition of the
solid–liquid interface as sketched in Fig. 1. We quantify these
dependencies combining an extended version of current theoreti-
cal modeling and capillary filling experiments in bare and coated
silica nanochannels.

The paper is organized as follows: in Section 2 we present a
description of our solid–liquid interface model. Next, we introduce
the equations that define the model. In Section 3 we list the chem-
icals used in our study and present the design, fabrication, and
characterization of the silica nanochannels. In Section 4 we de-
scribe the experimental setup and the experiments performed to
validate our model, as well as the determination of the parameters
used as input in our model. In Section 5 we show the results of our
combined experimental and theoretical investigation. Finally, in
Sections 6 and 7 we discuss our findings and summarize our
conclusions.
pH of bulk pHb

Input parameters, fitting
Inner-layer Stern capacitance C1 F m�2

Outer-layer Stern capacitance C2 F m�2

pK+: SiOHþ2 � SiOHþ Hþ0 pK+

Output variables, bulk
Bulk concentrations

Molarity cX,z M
Number density nX,z m�3

Ionic strength I M
Debye–Hückel screening length kD m
Titration concentration of H+ Bs M

Output variables, surface
pH of point of zero charge pHpzc

Electric potentials /0, /b, /d V
Surface charge densities r0, rb, rd C m�2

Surface site densities CSiO� , CSiOH m�2

CSiOHþ2
, CK m�2
2. Theoretical modeling

The basis of our theoretical model is the Gouy–Chapman–Stern
theory [19,9] combined with the more elaborate triple-layer model
[20–23] of the solid–liquid interface. This complexity of modeling
is necessary to simultaneously describe the observations for bare
and cyanosilane-coated silica nanochannels. Our theoretical model
involves three elements: (i) chemical equilibrium of the bulk elec-
trolyte in terms of ionic concentrations and equilibrium pKa con-
stants [24]; (ii) electrochemical equilibrium of the proton and
metal adsorption at the surface in terms of electrostatics, concen-
tration of adsorption sites and ions, and equilibrium pKa constants
[20,21,23]; and (iii) electrochemical coupling between bulk and
surface in terms of the Poisson–Boltzmann equation. An important
point in our work is that we let the surface capacitances and the
surface pKa constants vary self-consistently with the chemical
composition of the wall.

2.1. Schematic description of the model

We model the solid-electrolyte interface as consisting of three
different interfacial layers, as sketched in Fig. 1. All quantities have
been averaged on planes parallel to the silica wall, which is as-
sumed flat on the microscopic length scale. The parameters of
our model are listed in Table 1.

The first interfacial layer (subscript 0) closest to the wall con-
sists of surface silanol sites being either neutral SiOH, deproto-
nated SiO�, or protonated SiOHþ2 , which together give rise to a
surface charge density r0. The electric potential here is denoted /0.

The second interfacial layer (subscript b) is comprised of ad-
sorbed metallic cations, K+ in this particular study. These cations
produce a surface charge density rb at the plane defined by their
mean position when adsorbed onto SiO�. The electric potential
here is denoted /b. Adsorption of anions is neglected because the
bulk pH values studied in this work are always higher than pHpzc.

The third interfacial layer (subscript d) is the diffuse layer of
mobile ions screening the surface charge densities r0 and rb over
a distance given by the Debye–Hückel screening length kD, which
in this work ranges from approximately 0.3–2 nm. When integrat-
ing the charge density of the diffuse layer along the direction per-
pendicular to the interface, a resulting surface charge density rd



Table 2
List of chemical families X used in this work, including formulae, valences z,
equilibrium constants pKX,z, diffusion constants DX,z, and electrophoretic mobilities
lX,z. For z > 0 and z < 0 the pKX,z value pertains to the reaction z� z � 1 and z� z + 1,
respectively.

X Formula z pKX,z
a DX;z

b (10�9 m2/s) lX;z
b (10�9 T�1)

Phosphoric
acid H3PO4 0

�1 2.15 0.959 �37.3
�2 7.21 0.759 �59.1
�3 12.33 0.824 �96.2

Fluoresein C20H12O5 1 2.22c 0.57d 22.0d

0
�1 4.34c 0.64e �25.0e

�2 6.68c 0.502e �39.5e

Potassium
hydroxide KOH 1 14.0 1.96 76.2

0
Sodium
hydroxide NaOH 1 14.0 1.33 51.9

0
Water H2O 0 9.311f 362.4f

�1 14.0 5.273f �205.2f

Silanol SiOH 1 �1.9g

0
�1 6.8g

Ion pair SiOK 0
�1 �0.06g

a For acids pKa values are at infinite dilution and at 25 �C from Ref. [24] unless
otherwise stated.

b DX,z values and lX,z values at infinite dilution at 25�C from Ref. [25] unless
otherwise stated.

c pKa values at infinite dilution and at 25 �C from Ref. [26].
d Estimate.
e lX,z values from Ref. [24] with DX,z values calculated from these using

DX,z = lX,zkBT/(ze).
f Here z = 0 represents H+ and z = �1 represents OH�.
g For bare silica: SiOH [27,28] and SiOK [23].
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and corresponding potential drop /d are obtained. The electrical
potential is defined to be zero outside the diffuse part of the double
layer.

2.2. Bulk electrolyte chemistry

The equilibrium composition of the electrolyte is calculated
using the scheme presented by Persat and co-workers [24]. This
scheme builds on mass conservation, electroneutrality, and chem-
ical equilibrium theory, and it unifies the entire system of equa-
tions for a given buffer in a systematic way that facilitates
efficient numerical implementation. In our implementation of the
scheme, X denotes a family of chemical species, with Xz being a
particular member having valence charge z. Denoting the mini-
mum and maximum valences within a family by nX and pX, respec-
tively, the chemical equilibrium reactions for the family X are

XpX
�XpX�1 þHþ; pKX;pX�1; ð1aÞ

XpX�1
�XpX�2 þHþ; pKX;pX�2; ð1bÞ

. . .

XnXþ1
�XnX þHþ; pKX;nX ; ð1cÞ

where each pKX,z is an equilibrium constant. For instance, for phos-
phoric acid the family is X0 ¼ H3PO4; X�1 ¼ H2PO1�

4 ; X�2 ¼ HPO2�
4 ,

and X�3 ¼ PO3�
4 with pX = 0 and nX = �3. In terms of ionic concentra-

tions in the bulk, each pKX,z can be expressed as

pKX;z ¼ �log10
cX;zcH

cX;zþ1cref

� �
; ð2Þ

where cX,z is the concentration of species X in valence state z, cH is
the concentration of protons, and cref = 1 M is a reference
concentration.

Mass conservation within each family implies that

cX ¼
XpX

z¼nX

cX;z; ð3Þ

where cX equals the total analytical concentration, and electroneu-
trality requires

X
X

XpX

z¼nX

zcX;z ¼ 0: ð4Þ

Note that this expression is only valid outside the diffuse layer. Fi-
nally, the important auto-dissociation reaction of water is

H2O� OH� þHþ; pKw ¼ 14; ð5Þ

and bases are formally modeled as deprotonation reactions, e.g. the
base XOH is assigned the reaction [24]

Xþ þ 1
2

H2;g � XþHþ; ð6Þ

with the pKa assigned to be 14 to ensure that the equilibrium state
is complete dissociation. The addition of a salt is modeled as the
addition of the equivalent amounts of corresponding acid and base.
For example, the salt KH2PO4 is modeled as the addition of the base
KOH and the acid H3PO4. The actual chemicals used in our experi-
ments (see Section 3) are modeled as: (i) phosphoric acid, (ii) dihy-
drogen fluorescein, (iii) potassium hydroxide, and (iv) sodium
hydroxide, as listed in Table 2.

From Eqs. (2)–(4) an equation for the concentration of protons
cH can be derived and solved through numerical iteration using
the Matlab script developed in the group of Santiago [24]. Conse-
quently, knowing the pH value a priori, the ionic concentrations
cX,z can be calculated directly. This enables us to find the bulk
concentration of protons Bs required for the titration from the ini-
tial pH in the bulk pHb to pHpzc as

Bs ¼
X

X

XpX

z¼nX

z cpzc
X;z � cb

X;z

� �
: ð7Þ

This quantity is necessary for relating the experimentally observed
capillary filling length ratios to the model.

Finally, the bulk electrolyte is characterized by the ionic
strength I and the electrical conductivity rel,

I ¼ 1
2

X
X

XpX

z¼nX

z2cX;z; ð8aÞ

rel ¼ e
X

X

XpX

z¼nX

zlX;znX;z; ð8bÞ

where nX,z = 103 L m�3 NA cX,z is the bulk ion number concentration
(m�3), NA being the Avogadro constant. Parameter values used in
our model are listed in Table 2.

2.3. Surface chemistry

The equations for the surface chemistry involve surface reac-
tions, surface sites, site densities, and surface equilibrium con-
stants. Here we summarize the well established surface chemical
equilibrium model involving singly coordinated surface silanol
sites [29,30,20,21]

SiOHþ2 � SiOHþHþ0 ; pKþ; ð9aÞ
SiOH� SiO� þHþ0 ; pK�; ð9bÞ

where SiOHþ2 , SiOH, and SiO� are the protonated, neutral, and
deprotonated surface hydroxyl groups, Hþ0 is a proton in solution
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at the 0-plane, and pK± the equilibrium constants, which for bare
silica are pK+ = �1.9 [27] and pK� = 6.8 ± 0.2 [28]. The adsorption
of cations onto negative surface hydroxyl groups can be described
by a similar equilibrium reaction [30,20,21]

SiO� þ Kþb � SiOK; pKK; ð10Þ

where Kþb is the cation in solution at the b-plane and where
pKK = �0.06 ± 0.30 [23]. Note that SiOK is an ion pair, giving rise
to one negative charge (SiO�) in the 0-plane and one positive charge
(K+) in the b-plane. The point of zero charge pHpzc used for the eval-
uation of Bs in Eq. (7) is then given as

pHpzc ¼
1
2
ðpKþ þ pK�Þ: ð11Þ

The appearance of pK+ in this relation implies, together with Eq. (7),
that we must keep Eq. (9a), a reaction which under normal condi-
tions can be neglected [31]. The equilibrium equations for Eqs.
(9a), (9b) and (10) are

pKþ ¼ �log10
CSiOHcH;0

CSiOHþ2
cref

 !
; ð12Þ

pK� ¼ �log10
CSiO�cH;0

CSiOHcref

� �
; ð13Þ

pKK ¼ �log10
CKcref

CSiO�cK;b

� �
; ð14Þ

where CSiOH; CSiOHþ2
, and CSiO� are the site densities of the neutral,

positive, and negative surface silanol groups, respectively. CK is
the site density of ion pairs of a negative surface site and a cation,
and cH,0 and cK,b are the concentrations of protons and cations at
the 0- and b-plane, respectively. The total available density of sites
is constant, and for silica surfaces reported to be Ctot = 4.6 � 1018

m�2 [32]. In our model Ctot is

Ctot ¼ CSiOH þ CSiO� þ CSiOHþ2
þ CK: ð13Þ

Silane coating is modeled by decreasing Ctot, see Section 5.

2.4. Electrical equations and bulk/surface coupling

The bulk and surface are coupled through equations involving
electrical potentials, ionic concentrations, surface charge densities,
and surface capacitances. For the two inner layers the equations
relating surface charge densities to site densities are

r0 ¼ eðCSiOHþ2
� CSiO� � CKÞ; ð14aÞ

rb ¼ eCK; ð14bÞ

whereas the surface charge density rd of the diffuse layer is linked
to /d through Grahame’s equation [33]

rd ¼ �sgnð/dÞ 2ere0kBT
X

X

XpX

z¼nX

nX;z e�
ze/d
kBT � 1

� �" #1
2

: ð15Þ

Due to electroneutrality the surface charge densities are related by
the constraint

r0 þ rb þ rd ¼ 0: ð16Þ

Assuming charge-independent dielectric permittivities and no free
charges in between the surface layers, the electric displacement
field between the surface planes can be found using Gauss’s law.
Integrating this from the 0- to the b-plane and from the b- to the
d-plane yields,

/b � /0 ¼ �
r0

C1
; ð17aÞ

/d � /b ¼
rd

C2
; ð17bÞ
where C1 is the inner and C2 the outer layer capacitance (F m�2),
which are important surface dependent parameters in our model.
These capacitances are coupled in series and relate to the Stern-
layer capacitance Cs as 1/Cs = 1/C1 + 1/C2.

Using the dilute assumption to neglect higher order effects, the
electrochemical potential consists of a purely entropic and a purely
electric term, leading to Boltzmann distributed concentrations. The
proton (cation) concentration cH,0 (cK,b) at the 0-plane (b-plane)
and in the bulk cH (cK) are thus related by

cH;0 ¼ cH exp � e/0

kBT

� �
; ð18aÞ

cK;b ¼ cK exp �
e/b

kBT

� �
: ð18bÞ

For use in the subsequent numerical fitting we combine Eqs. (12)–
(18) to obtain

CK ¼
Ctot þ rd

e

1þ cH;0
cK;b

10pK� þ 2 cref
cH;0

� �
10pKK

; ð19aÞ

CSiOH ¼
Ctot þ rd

e � CK

1þ 2 cref
cH;0

10�pK�
; ð19bÞ

CSiOHþ2
¼ CSiO� �

rd

e
: ð19cÞ

Eqs. (1)–(19) define our model, which can be characterized as a tri-
ple layer version of the Gouy–Chapman–Stern model. A list summa-
rizing the input and output parameters of the model is given in
Table 1.

3. Materials and methods

3.1. Chemicals

The ionic solutions used in our experiments were potassium
phosphate (KH2PO4) based solutions with pKa = 7.21 (Fisher Scien-
tific P285-500). Buffer concentrations of 10, 30, 50, 100, and
383 mM were prepared by mixing KH2PO4 powder with deionized
(DI) water and titrated to the desired pH value using 1 M KOH. The
fluorescent analytes used in our experiments were 0.01 mM pH-
sensitive sodium fluorescein (Riedel-de Haen) and 0.01 mM pH-
insensitive Alexa Fluor 488 (Invitrogen). Prior to use, bulk pH
and conductivities were measured (Oakto, Inc) and all solutions
were filtered using 0.2 lm PTFE syringe filters (Nalgene). Solutions
were stored at 4 �C covered by aluminum foil to prevent contami-
nation and photo bleaching. Directly prior to experiments, buffers
were heated to ambient room temperature and re-mixed with a
vortexer (Dencille Scientific Inc.). These precautions ensured that
both the fluorescent dye maintained constant emission properties
and the solutions were well preserved.

3.2. Design and fabrication of silica nanochannels

The design of the nanochannels followed that of Tas et al. [17]
and Persson et al. [34]. Nanochannels were fabricated using
fused-silica wafers at the UCSB nanofabrication facility with con-
ventional MEMS processing techniques [14] based on mask design
sets from DTU Nanotech [34]. The design of the channels consisted
of pairwise parallel inlet/outlet microwells, each 2 mm � 5 mm
rounded with 5-mm-diameter caps and etched to a depth of
1.6 lm. The pairs of reservoir wells were connected by 12 parallel
nanochannels of length L = 5 cm, with etched ruler markings in
increments of 100 lm. Widths w varied from 5 to 40 lm, with
depths h on different chips of either 115, 145, or 195 nm (within
± 3 nm). Fig. 2b shows the inlet of a nanochannel during capillary
filling (see Supporting information Sec. S1).
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Fig. 2. (a) Block diagram showing the experimental setup (detailed in Section 4.1)
comprising of sample, optics, mercury lamp, and EMCCD camera. (b) Image at the
beginning of the capillary filling of the 30 mM KH2PO4 buffer seeded with 0.01 mM
fluorescein into three of the twelve parallel nanochannels. Four regions can be seen:
(i) inlet well with fluorescent buffer, (ii) fluorescent buffer in nanochannel region of
length Lfl, (iii) dark buffer in nanochannel region of length Ld, (iv) black air-filled
part of the nanochannel. (c) A schematic side view of one of the nanochannels of
height h from panel (b) defining the lengths Lfl and Ld as well as the corresponding
pH conditions; pHb in the fluorescent regions (i) and (ii), and pHpzc in the dark point
of zero charge region (iii). (d) Experimental capillary filling data for a bare
nanochannel showing the meniscus position Lfl + Ld (points and dashed line) and Lfl

(points and full line) versus the square root of time t (see Section 4.3). The first data
point (black square) corresponds to the image in panel (b).
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3.3. Surface coating and cleaning

To change the surface properties and characteristics of the silica
nanochannels, we chose to coat the channel after fabrication with a
liquid-phase silane. 3-Cyanopropyldimethylchlorosilane (cyanosi-
lane, Gelest Inc.) was chosen because it has been shown to form
a fully wettable, slightly hydrophilic, stable lipid monolayer on
glass [35], and was straightforward to coat after bonding without
changing any of the channel dimensions or introducing any vari-
ability in the channel fabrication process. The coating process is
known to replace �25% of negative charge sites with a neutral cya-
nosilane group [36] (see Fig. 1).

Immediately after fabrication and dicing, all devices were pre-
cleaned using 0.2 lm-filtered DI water driven through the nano-
channels by electro-osmosis (EO). Platinum wires, inserted into
the inlet/outlet microwells and fixed by scotch tape, served as
EO-electrodes. The EO-flushing was powered by an electric field
of 5000 V/m delivered by a source meter (Keithley 2410, sampling
frequency of 100/min), and the associated electric current was
monitored using a high impedance electrometer (Keithley 6517,
sampling frequency of 400/min) controlled using custom LabVIEW
software and analyzed with Matlab.

The initial DI-water EO-flushing ran for 60 min, while monitor-
ing that the current remained stable at the range of �1 pA, after a
short transient period of �1–2 min. The EO-flushing was contin-
ued using 0.1 M KOH for 15 min, and finally proceeded by a sec-
ond 60 min EO-flushing with DI water. At this point, the devices
were either stored in DI water or treated with the cyanosilane
coating.
The devices to be coated were dried on a hotplate at 150 �C for
30 min, after which they were filled using capillary forces with a
solution of 0.1 M cyanosilane in 0.2 lm filtered acetonitrile (Fisher
Scientific). The filled nanochannels were then EO-flushed with the
cyanosilane solution for approximately 30 min. The whole device
was then incubated in cyanosilane solution overnight (�12 h) to
allow the silane groups to attached themselves to the channel
walls (see Supporting information Sec. S4). After this surface mod-
ification was completed, the devices were rinsed with copious
amounts of filtered ethanol, EO-flushed with pure acetonitrile for
1 h, and EO-flushed with DI water for approximately 30 min until
the electrical current stabilized. The coated channels were stored
wet in filtered ethanol to preserve the coating and prevent degra-
dation [37].

3.4. Surface characterization

The roughness of both uncoated and coated channel walls were
characterized using standard AFM techniques and found to be
approximately 0.3 nm and 0.7 nm, respectively (see Supporting
information Sec. S1). Contact angle measurements were experi-
mentally found by depositing 10 lL of DI water onto each surface,
and imaging the water droplets at the contact interface (see Sup-
porting information Sec. S1). The contact angle of the uncoated
and coated surfaces was found to be 32� and 75�, respectively, in
good agreement with previously reported values [38,39]. An inter-
ferometer (Wyko NT1100) was used to image the microwell and
entrance to the nanochannels (see Supporting information Sec.
S1). Further characterization of the surfaces was performed using
the current monitoring method, described in more detail in Section
4.2.
4. Experimental setup and procedure

4.1. Optical and electrical setup

Recordings of the propagating buffer in our filling experiments
were performed using an inverted epifluorescent microscope
(Olympus IX70) and automated stage (Prior Proscan II) controlled
via custom LabVIEW software (LabVIEW V8.6). Images were cap-
tured using a back illuminated EMCCD camera (Andor iXon +) with
a 200 ms exposure time using a 10� objective (Olympus UPlanFL
10 � 2, NA = 0.3) with a 0.5� demagnifying lens (U-TV0.5xC-3) as
seen in Fig. 2a. A stationary halogen lamp was used to illuminate
the fluid front, whereas an aligned and focused mercury arc lamp
(Olympus U-RFL-T) filtered with a 488 nm excitation and 532 nm
emission FITC filter cube (Chroma Technology 31001FITC/RSGFP/
Fluo 3/DiO Acradine Orange(+DNA)) was used to illuminate the
fluorescent front. Electric fields for channel cleaning and buffer
characterization were generated across the nanofluidic channels
by a Keithley multimeter (Model 2410), and currents were re-
corded in series with a Keithley electrometer (Model 6517) con-
nected to platinum wire electrodes placed within each fluid
reservoir of the device. A schematic of this electrical setup is shown
in the inset of Fig. 3a (see Supporting information Sec. S1).

4.2. Current monitoring

Both the conductivity and the f potential were measured by
current monitoring techniques following Ref. [40]. One reservoir
was initially filled with an electrolyte of concentration 0.9 c*,
where c* was a predefined target concentration. A voltage drop
was applied between the inlet and outlet well to drive an EO flow.
After about 15 min the current was stabilized, indicating complete
filling in the nanochannel by the 0.9 c* electrolyte. Then all



(a)

(b)

(c)

Fig. 3. (a) Raw data showing electrical current Iel versus time t in an EO-flow
measurement. Initial buffer concentration is 9 mM. At t = 80 s the buffer in the inlet
well is replaced by a 10 mM buffer. At t = 340 s the 10 mM solution has filled the
channel completely. The f potential is determined by Eq. (20) with Dt = 340 � 80 s.
Inset shows schematic of the experimental setup including the sourcemeter
(Keithley 2410) and the electrometer (Keithley 6517), see Section 4.2. (b) Lin-log
plot of measured f potential for bare (blue empty circles) and coated (red filled
squares) as function of ionic strength I. Curves are theoretical predictions of the
diffuse layer potential /d for bare (blue dashed) and coated (red full) channels for
case 1, Table 5, where C2 = 0.2 F m�2. (c) As panel (b) except that the theoretical
predictions are for case 2, Table 5, where the values of C2 are 0.8 F m�2 and 0.15 F
m�2 for bare and coated channels, respectively. Note the improved agreement
between theory and experiment going from case 1 to case 2. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 3
Calculated ionic strength I from Eq. (8a), measured f potential for bare and coated
channels, and measured electrical conductivity rmeas

el divided by I. From the fit in Fig. 4
we find rmeas

el =I ¼ 9:1 S m�1 M�1 in the limit I ? 0, while using Eq. (8b) in the same
limit gives rcalc

el =I ¼ 9:36 S m�1 M�1, deviating less than 3%.

I (M) 0.024 0.055 0.103 0.186 0.823

fbare (mV) �47 �48 �32 �31 � 12
fcoat (mV) �29 �24 �21 �16 � 7
rmeas

el =I ((S/m)/M) 7.083 7.909 5.728 5.000 5.033

Fig. 4. Kohlrausch plot: the measured electrical conductivity rel divided by ionic
strength I versus

ffiffi
I
p

. The highest ionic strength data point clearly deviates from the
Kohlrausch law and has thus been excluded from the fit. Extrapolation of the fit to
I = 0 deviates only 3% from the theoretically predicted value at infinite dilution
(black circle), see Eq. (8b).
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electrolyte was removed from the inlet well and replaced with
electrolyte of concentration c*. The current was monitored over
time, with typical results shown in Fig. 3a. Measurements were
performed for every concentration c* used in the capillary filling
experiments (10, 30, 50, 100, and 383 mM) at two different electric
field strengths (6 kV/m and 12 kV/m). Voltage and current were
supplied and monitored using the equipment described in Section
3.3. For determination of the f potential, the filling speed L/Dt is set
equal to the Helmholtz–Smoluchowski velocity (ef/g)DV/L [41],

f ¼ gL2

eDVDt
: ð20Þ

Table 3, Fig. 3b and c shows measured f potential for both bare and
coated channels of length L at all concentrations used in this study.
Also shown are theoretically fitted curves for /d described in
Section 5.
We also characterized the electrical properties of the system by
measuring the conductivity rel versus ionic strength I, see Table 3.
This was done using both a conductivity meter and simultaneous
current and voltage measurements. The Kohlrausch plot in Fig. 4
of rel/I versus I shows good agreement (3%) between the measured
conductivity extrapolated to zero ionic strength and the theoretical
dilute limit.
4.3. Capillary filling experiments

In our experiments, we filled both bare and cyanosilane-coated
silica nanochannels with KH2PO4 buffers of concentrations in the
range 10–383 mM mixed with a 0.01 mM tracer dye, either pH-
sensitive fluorescein or pH-insensitive Alexa Fluor 488 (see Section
3.1). During filling, the advancing electrolyte meniscus (Lfl + Ld) and
the fluorescence front (Lfl) were recorded optically as shown in
Fig. 2 using the equipment described in Section 4.1. A list of the
performed experiments is given in Table 4, and the exact procedure
is detailed below.

A given nanochannel was removed from its wet storage and
optically examined for defects and clogs. Next we flushed the chan-
nel using EO-flow for 30 min until the current stabilized to around
1 pA, which is a typical indication that the channel is not contam-
inated. All the liquid was evaporated from the channel by placing
the chip on a hotplate at 300 �C for 30 min before it was placed
on the automated microscope stage where it was aligned and
focused relative to the EMCCD camera. We then pipetted the buffer
solution into the inlet microwell and recorded videos of the prop-
agation of the meniscus using the experimental setup described in
Section 4.1. To capture the entire filling process, which lasts less
than 5 min, the automated stage was centered to five different
positions and the filling fronts were recorded as they passed the
field of view. An experimental video is provided in the Supporting
information. Fig. 2d shows a typical experimental data set



Table 4
List of the 43 capillary filling experiments, specifying the phosphate buffer concen-
tration cbuf in mM, the pH of the buffer, type of the 0.01 mM dye (F: fluorescein of
charge �2, A: Alexa Fluor of charge 0), type of surface (B: bare, C: cyanosilane coated),
and channel height h.

# cbuf pH Dye Surf h (nm)

1–3 10 7.2 F B 145, 145, 145
4–6 30 7.1 F B 124, 124, 115
7–12 50 7.3 F B 142, 142, 145, 145, 142, 142
13–19 100 7.2 F B 145, 145, 145, 145, 142, 142, 142
20–23 383 7.2 F B 115, 115, 115, 115
24–26 10 7.2 F C 142, 142, 145
27–32 30 7.1 F C 124, 124, 115, 124, 124, 115
33–35 50 7.3 F C 142, 142, 142
36–38 100 7.2 F C 195, 115, 115
39 383 7.2 F C 115
40 10 7.2 A B 142
41 100 7.2 A B 142
42 10 7.2 A C 115
43 100 7.2 A C 115
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demonstrating that both the fluoresent signal and the meniscus
follows the Washburn relation Eq. (21). Once the channel was com-
pletely filled, we EO-flushed the channel with DI water until the
current decreased to a stable level of about 1 pA. The channel
was then stored wet.

4.4. Extraction of parameters by capillary filling

The filling dynamics of cylindrical capillaries was first described
by Washburn [42] and later applied to rectangular nanochannels of
low height-to-width aspect ratio by others [17,34]. For the latter
systems, relevant to this study, the time-dependent position
L(t) = Lfl + Ld of the electrolyte meniscus is

LðtÞ ¼ Lfl þ Ld ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ch cos h

3g
t

s
; ð21Þ

where c is the electrolyte/air surface tension, h the contact angle, h
the height of the nanochannel, and g the viscosity of the electrolyte.

As the electrolyte containing the tracer dye fluorescein fills the
nanochannel there is a region in the front of the liquid column
without fluorescent signal, as shown in Fig. 2. Fluorescein is a
pH-sensitive dye and therefore one might speculate that the
quenching is due to a change in pH in this zone stemming from
deprotonation of the silica surface silanol sites as described in
Ref. [9]. This assumption is further corroborated by the fact that
none of our control experiments containing pH-insensitive Alexa
Fluor dye showed a region without fluorescent signal (data not
shown). To evaluate the surface properties using the observed dark
zone we assume that: (i) the pH is constant within each of the two
regions in the liquid column, (ii) the pH in the dark region equals
the value pHpzc of the point of zero charge, and (iii) the pH in the
fluorescent region is that of the bulk pHb. With these assumptions
one can estimate the amount of protons Nads

Hþ necessary to bring the
volume of buffer in the dark region from pHb to pHpzc. This amount
must equal the volume whLd of the dark region multiplied by the
concentration of protons Bs necessary to titrate from pHb to pHpzc

Nads
Hþ ¼ whLdBs; ð22Þ

where Bs is calculated using the theory described in Section 2.2.
Note that ionic concentrations may not be constant across the nano-
channel due to the influence of the electrical double layer, but for
our high concentration systems the change in ionic concentration
over the entire volume of the channel does not change by more than
5% from the bulk.

The release of protons from the channel walls can be estimated
using the assumption that all the wall deprotonation occurs at the
interface between the dark and fluorescent regions. It then follows
that by multiplying the amount per area ðCHþ Þ of protons released
by the channel wall, by the surface area in the fluorescent region of
the channel, the amount of protons released into the dark region is

Nrel
Hþ ¼ 2ðwþ hÞLflCHþ : ð23Þ

Equating Nads
Hþ and Nrel

Hþ yields CHþ in terms of the experimentally
measured lengths of the fluorescent and dark zones

CHþ ¼ Bs
h

2ð1þ h=wÞ
Ld

Lfl
: ð24Þ

Assuming that all the sites on the channel wall prior to contact with
the electrolyte are SiOH, the amount of deprotonation per area is gi-
ven by the surface charge density of the innermost layer as
CHþ ¼ �r0=e; e being the elementary charge. Combining this with
Eq. (24) we obtain the following relation between the experimen-
tally observed length ratio and the theoretically calculated surface
charge density,

Ld

Lfl
¼ �2ð1þ h=wÞ

eBsh
r0: ð25Þ
4.5. Numerical fitting procedure

We use the experimentally observed length ratios Ld/Lfl to fit C1

and pK+. Below we outline the fitting procedure implemented in
Matlab (see Supporting information Sec. S3) [43]. The number of
independent variables is reduced to two and in the actual compu-
tation the equations are non-dimensionalized to obtain higher
numerical accuracy.

1. Calculate the electrolyte ionic concentrations cX,z and the ionic
strength I for the observed Ld/Lfl-ratio for each of the five exper-
imental conditions {cbuf}i = 1,. . .,5 of Table 4 using the bulk theory
in Section 2.2.

2. Use the output from the bulk theory as input for the surface
chemistry and bulk/surface coupling equations from Sections
2.3 and 2.4 as outlined below. Repeat until convergence.
(a) Estimate and update the fitting parameters C1 and pK+.
(b) Update pHpzc using Eq. (11).
(c) Update {Bs}i = 1,. . .,5 from Eq. (7).
(d) For each Ld/Lfl-ratio give initial guess for /0 and /d and solve

the surface equation system:
i. rd from Eq. (15).

ii. /b from Eq. (17b).
iii. cH,0 and cK,b from Eqs. (18).
iv. CK from Eq. (19a).
v. rb and CSiOH from Eqs. (14b) and (19b).

vi. r0 and CSiO� from Eqs. (16) and (13).
vii. CSiOHþ2

from Eq. (19c).
viii. Check if Eqs. (12) and (17a) are converged and update /0

and /d accordingly.
(e) Output obtained upon convergence.
(f) Use Eq. (25) to update the calculated length ratios {Ld/

Lfl}i = 1,. . .,5. Compare these calculated length ratios against
those measured. If not converged go back to 2.

3. Analyze parameters and produce goodness-of-fit values R2,
plots etc.

5. Results

Fig. 5 shows length ratio Ld/Lfl as function of ionic strength I
measured (symbols) and fitted theoretically (curves) for bare
surfaces (blue, open symbols and dashed curve) and for coated



Fig. 5. Plot of the experimentally measured (symbols) and theoretically fitted
(curves) length ratio Ld/Lfl as function of ionic strength I for the bare surfaces (blue,
open symbols and dashed curve) and coated surfaces (red, filled symbols and full
curve) with parameters corresponding to case 2 as given in Table 5. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

(a)

(b)

Fig. 6. Case 1: calculated potentials / and surface charge densities r plotted versus
ionic strength I for bare channels (open symbols and dashed curves) and coated
channels (filled symbols and full curves). Each point represents the average over
channel heights (see Table 4) while curves are for fixed h = 135 nm. In this case 1
C2 = 0.2 F m�2, while other parameters are given in Table 5. (a) Calculated /0 (blue
circles), /b (red triangles), and /d (green squares). The arrows indicate shifting of
curves going from bare to coated channels. (b) Calculated r0 (blue circles), rb (red
triangles), and rd (green squares). The inset is a zoom on the diffuse layer surface
charge density rd. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

(b)

(a)
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surfaces (red, filled symbols and full curve). Here, the parameters
kept constant are pK� = 6.8 [28] and pKK = �0.06 [23]. For the
coated channels we assume that 25% of the surface sites have a
cyanosilane molecule attached [36], which reduces the surface site
density Ctot from the bare value of 4.6 nm�2 to 3.45 nm�2. In the
literature the value of C2 is often taken to be C2 = 0.2 F m�2 [23]
(denoted case 1). This value of C2 did not explain the observed
trends for different surfaces, and in fact, no other single fixed value
could do so. We therefore allow C2 to be surface dependent. Opti-
mization led to the values Cbare

2 ¼ 0:8 F m�2 and Ccoated
2 ¼

0:15 F m�2 which we denote case 2 in the following discussion.
Parameters that are fitted are C1 and pK+, and a list of parameter
values for cases 1 and 2 are summarized in Table 5.

In both cases pK�, pKK, and Ctot are parameters taken from lit-
erature [28,23,32]. In case 1, we fix the outer capacitance C2 for
both the bare and coated surfaces to the value 0.2 F m�2 often
quoted in literature [20,22,44,23]. Choosing this value of constant
C2 led to fitted and calculated parameters with a decent R2 value
(see Table 5) but showed poor agreement with f potential experi-
mental data. In fact, Fig. 3b shows theoretical trends which are ex-
actly opposite of measured data, where the coated channels are
estimated theoretically to have higher f potential values than the
bare, a trend that is not observed experimentally. In case 2 we rem-
edy this discrepancy by optimizing C2 to not only match the Ld/Lfl

experimental values in Fig. 5, but also the f potential values in
Fig. 3c. Here, we note the improved match between the calculated
/d and measured f potential for both bare and coated data. Figs. 6
and 7 show potentials and surface charge densities for both cases.
However, given the better fit of case 2 the remainder of our
discussion is focused on this case.
Table 5
Two cases of setting the outer Stern capacitance C2. Case 1: using the literature value
0.20 F m�2 for both bare (B) and coated (C) surfaces. Case 2: changing C2 to obtain
match between calculated /d and measured f, see panel (b) and (c) in Fig. 3. Also
shown are fitted and calculated parameters from Fig. 5, while other set parameters
are pK� = 6.8, pKK = �0.06, and Ctot = 4.6 nm�2 (bare) and Ctot = 3.45 nm�2 (coated).

Case Set C2 (F/m2) Fitted Calculated

C1 (F/m2) pK+ R2 Cs (F/m2) pHpzc

1 B 0.20 0.69 �1.03 0.81 0.16 2.9
1 C 0.20 15.47 �0.54 0.40 0.20 3.1
2 B 0.80 0.77 �1.61 0.80 0.39 2.6
2 C 0.15 13.47 �0.29 0.40 0.15 3.3

Fig. 7. Case 2: same as in Fig. 6 except that the parameters are: C2 = 0.80 F m�2

(bare) and C2 = 0.15 F m�2 (coated) as listed in Table 5.
Fig. 7a shows the surface potential /0, the metal layer potential
/b, and the diffuse layer potential /d for the bare and coated chan-
nels versus ionic strength as sketched in Fig. 1. As expected, the



Fig. 8. The surface site densities Ci for bare channels (open symbols and dashed
curves) and coated channels (filled symbols and full curves) for case 2. The four
surface site densities are CSiOH (blue circles), CSiO� (purple diamonds), CSiOHþ2

(green
triangles), and CSiOK (red squares). The insets are magnifications of the low-density
sites CSiO� and CSiOHþ2

. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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values of the potentials increase from the surface layer to the metal
layer to the diffuse layer. Next, we note that the metal potential /b

is much lower for coated channels than for bare channels, while
the surface potential /0 and the diffuse potential /d remain almost
the same. In all cases, we note that the metal and diffuse potentials
increase with ionic strength whereas the surface potential for the
bare channel decreases slightly.

For cases 1 and 2, respectively, Figs. 6 and 7b show the surface
charge densities at the surface, metal and diffuse layer. Here, we
note that the charge density at the surface decreases with ionic
strength, whereas the charge density at the metal layer increases
with ionic strength, both more pronounced for the coated surface
than for the bare.

By comparing Figs. 6 and 7 we note that changes in C2 primarily
affect the diffuse layer potential /d and charge density rd. Different
values of C2 for the bare and coated surfaces will therefore not af-
fect much the final outcome of the fitting procedure in terms of the
other variables such as the surface charge density r0. This is the
reason that the R2 is essentially the same for both cases as seen
in Table 5. These observations speak in favor of using the values
of C2 in case 2 in Table 5.

6. Discussion

There is a clear trend of the capillary filling length ratio Ld/Lfl

decreasing with increasing ionic strength. We can explain this
through Eq. (25), where we describe the length ratio as a function
of the surface charge density r0 and the proton concentration Bs

needed to lower the pH of the buffer front to pHpzc. Since the
length ratio decreases we conclude that Bs increases faster than
r0 decreases. Bs is mainly influenced by the pHpzc = (pK+ + pK�)/2
and thus by pK+.

To achieve the most reliable fit with the data, we investigated
the influence of C1, C2, pKK, pK+, pK�, and Ctot by varying each
parameter individually around some chosen reference value (see
Supporting information Sec. S5). Here we summarize the observed
sensitivity of each parameter. First, changing C1 raises and lowers
the values of Ld/Lfl without significantly affecting the shape of the
curve. Given the fact that the bare and coated experimental data
curves follow the same shape, this strongly suggests that C1

changes with surface type. Next we notice that C2, pKK, pK�, and
Ctot have a negligible effect on the Ld/Lfl curve, which indicates that
these parameters are most likely constant and can be determined
from literature values. However, as mentioned in the previous sec-
tion, we notice that varying C2 has a strong influence on the f po-
tential, which is consistent with the assumption that it only affects
/d and rd. Finally, we note that varying pK+ has a strong influence
on the value of Ld/Lfl at low concentrations but very little effect at
high concentrations. Indeed, this is what we observe in our exper-
imental data and therefore this suggests that pK+ must be varied
with surface composition. Furthermore, because pK+ couples into
Bs through pHpzc it should have an influence on Ld/Lfl. In conclusion,
C1 and pK+ are our obvious choices for parameters to be fit.

The literature value of pK+ = �1.9 [27] for the bare silica surface
is close to the value of �1.61 theoretically determined for the bare
channel when using the case 2 capacitance value of C2 = 0.80 F
m�2. For case 1 (C2 = 0.20 F m�2) the model calculates a higher va-
lue (pK+ = �1.03) which lends further support for case 2. For the
coated channels pK+ = �0.54 (case 1) and pK+ = �0.29 (case 2). Gi-
ven the strong evidence for case 2 parameters we believe that
pK+ = �0.29 should be the value used in the future for cyanosi-
lane-coated silica surfaces. However, we emphasize that this value
is contingent upon the experimental conditions used in our study.
For example, when comparing values of C1 with Wang et al. [23]
we find slightly different values which most likely can be attrib-
uted to the fact that we used different electrolytes.
Examining the trends seen in Fig. 7 we note that the surface po-
tential /0 varies less than 10% over the range of ionic strength used
in this study, which validates a constant surface potential model in
both bare and coated channels given our experimental conditions.
Next, we note that the metal potential /b and diffuse layer poten-
tial /d significantly increase with increasing ionic strength, which
is consistent with trends reported in literature [23]. Consistent
with case 2, we hypothesize that the amount of metal ions that
can adsorb onto the surface is highly dependent on the composi-
tion of the surface. Moreover, because Cbare

1 � 0:7 F m�2 is much
lower than Ccoated

1 � 14 F m�2 this hypothesis is further justified
since /bare

b is much higher than /coated
b .

Finally, the surface charge density r0 of the coated channels de-
creases more rapidly than that of the bare channels also due to the
fact that C1 is much higher for the coated channels. This again indi-
cates that more metal ions can adsorb to the surface without
changing the potential. Because rb = �(r0 + rd), rb increases with
increasing ionic strength faster in the coated channels than in the
bare channels. We note that rd is relatively constant with ionic
strength and surface coating providing justification to use the
Grahame Eq. (15) to solve for diffuse layer potentials [30]. Using
our optimized values of C2, Fig. 3c shows that rd for the bare chan-
nel is higher than the coated channel, matching experimental
trends (data not shown). We note that rd is lower than the
60 mC m�2 quoted in literature for fused silica nanochannels [45]
but similar to the 25 mC m�2 quoted for amorphous silica nano-
channels [46]. Stein et al. [45] used the neutral CH3 head group
doctodecyltrichlorosilane as surface coating and found a decrease
in the surface charge density, consistent with our curves in the in-
set in Fig. 7b. However, in both Refs. [45,46] aqueous KCl was used
as the electrolyte in contrast to our KH2PO4, and as discussed in
Refs. [47,48] the different co-ions may lead to different actual val-
ues of rd.

We can also use our model to examine the surface site densities
Ci. Fig. 8 shows Ci for bare (open symbols and dashed curves) and
coated (filled symbols and full curves) channels using case 2
parameters. The amount of adsorbed cations (K+) is significant
for the coated channels especially at high ionic strengths when
compared to the bare channels. This is consistent with the result
of C1 being much higher for the coated channels than for the bare
channel. Furthermore, a sensitivity analysis of the effect of Ctot

shows that changing the amount of sites available at the wall does
not change the results shown in Fig. 7 (see Supporting information
Sec. S5). Therefore, our results will be relatively accurate despite
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the experimental uncertainty of Ctot after coating with
cyanosilane.

Throughout our experiments, we have assumed that the flou-
rescein quenches exactly at pHpzc. This is a reasonable assumption
as flourescein is known to quench at pH values below 5 [49,50],
and our model predicts pHpzc < 5 in all cases (see Table 5 and Sup-
porting information Sec. S6).

To date, it has been difficult or almost impossible to use a model
to predict experimental data mainly due to difficulties in modeling
the Stern layer [15]. Here, we show that by just changing C1, C2, and
pK+ while using literature values for all other surface parameters,
we can find f potential values that almost exactly match experi-
mentally determined values for both bare and cyanosilane-coated
silica nanochannels. We believe our model will be important to
predict experimentally observed phenomena, for example, geolog-
ical studies have shown that silica is known to dissolve in the pres-
ence of an electrolyte [51]. This dissolution process, although
negligible in microfluidic systems, may become important at the
nanoscale. Therefore, having a model which can predict the change
of channel size with the measured experimental values may prove
to be of utility to the field. We are currently pursuing such uses of
the model.

7. Conclusion

In this work, we presented a combined theoretical and experi-
mental analysis of the solid–liquid interface of fused-silica nano-
fabricated channels with and without hydrophilic 3-
Cyanopropyldimethlychlorosilane coating. Our theoretical model
couples chemical equilibrium theory of both the surface and the
bulk buffer with a self-consistent extended Gouy–Chapman–Stern
model of the electrochemical triple layer. We use the model to
optimize the surface parameters given both experimental capillary
filling data and electro-osmotic current-monitoring data, which al-
lows for analysis of surface parameters both with and without the
influence of applied external fields. Our model shows that the
important fitting parameters are the capacitance C1 between the
silica layer and the metal ion layer, as well as the pK+ constant. Fur-
thermore, we find that changing the capacitance C2 between the
metal ion layer and the diffuse layer with surface composition re-
sults in more accurate fits of experimentally determined f poten-
tial values. This model is of value to predict experimentally
observed phenomena in nanofluidic systems.
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