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S1. Basics of SFG and the nonlinear matrix formalism
S1.1 Basic principle of sum-frequency vibrational spectroscopy
The basic principle of SFG is described elsewhere!. Briefly, when the IR frequency (w,g) is

near vibrational resonances, the SF signal (Sgr) generated by the incident beams is:

2

; (SD)

Aq

= + _—
XNR Zq a)IR—wq+il"q

|2

2
Ssp & X(gf)f| = |xnr + Xr

where yyg and yp are the non-resonant and resonant contributions, with A,, wg, and Iy being the

amplitude, frequency, and damping coefficient of the g™ resonance mode, respectively. For the
SSP (S-SF, S-NIR, P-IR) and PPP (P-SF, P-NIR, P-IR) beam polarization combination, the

effective SF amplitudes for an anisotropic interface are?:

Agsp = cos By Ly, (wSF)Lyy (wnir) Lxx (wIR)Ayyx
+ sin S Lyy (wsp)Lyy (@pir) Lz (@iR)Ayy 7 »
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with 3, and L;; (w,) being the beam incident angle and Fresnel coefficients, and {x, y, z} referring
to the lab coordinates with z along the surface normal and x in the incident plane.

With inhomogeneous broadening taken into account, the SF output of Equation (S1) becomes*:
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where g is the inhomogeneous bandwidth®. Figures S1a and S1b show fitting of the experimental
spectra taken from the SiO»-film/water interface at different pH values. The fitting values of T,
and o, were ~43 and 27 cm’! for the Si-OH band, and ~45 and 28 cm! for the Si-O” band. The

resonant amplitudes of the two bands deduced from fitting were plotted versus pH in Figs. Slc and

S1d. Dashed and dotted curves in Fig. S1d are theoretical curves calculated from the Gouy-



Chapman-Stern (GCS) model for surface reaction of SIOH-SiO+H" at ~7 with a single pKa

value at ~7%.
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Figure S1 | (a) and (b) Fits of SF spectra vs. pH. (c) and (d) Amplitudes of Si-OH and Si-O” modes
deduced for the two ion concentrations, 10 mM (empty symbols) and 0.5 M (filled symbols). The
dashed curves are calculated from the single-pKa GCS model of corresponding ion concentrations

based on Ref. 5.

S1.2 Nonlinear matrix formalism for local field calculation

The matrix formalism for computing local field strength with nonlinear optical boundary

conditions we have developed is described elsewhere®. The boundary conditions with the presence

of an interfacial polarization sheet Ps(w) are (x parallel to the incident plane, and z along the surface

normal):
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For S-polarized beam (TE wave), we have oy = 0, 0y = 0,,; and for P-polarized beam (TM wave),
we have oz = 0,, 0y = 0,. In an n-layer system, the nonlinear characteristic matrix formalism of
the J™ interface between j and (j+1)™ media can then be written as (capital Z, J, N are indices of

interfaces, i, j, n are indices of media):
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M; is the characteristic matrix of medium with the form of:
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where n; o = n; cos 6; for TE waves, and n; s = n; /cos 6; for TM waves, with n; being the
complex refractive index of, 8; the beam refraction angle in, and 6; = n;k; cos 0; d; the wave
propagation phase through the i™ section of the medium with thickness d;. Details about the
calculation procedure were provided in Ref. 6. The squared products of all local field factors at the
Si/Si07 and Si02/H>0 interfaces, respectively, of a Si/Si02/H>O junction as functions of the SiO»
film thickness are presented in Fig. 1b of the main text, with reference to the beam geometry in
Fig. 1a. The estimated SF intensity in the Si-O stretch range obtained from the maximum local
field intensity at the S102/H>0 interface for the case of ~150 nm-thick SiO; film in Fig. 1b was
about three times of that from an IR-transparent bulk-SiO2/H>O interface in the OH stretch range.
With SF signals in the latter case being routinely observed, the Si-O stretch signals from the thin-

film water interface should be readily detectable.



S2. Properties of Si(5c) species
S2.1 Stability of Si(5c) species versus pH: theoretical calculations

As mentioned in the main text, two kinds of Si(5c) species were formed upon deprotonation
of the more acidic SiOH at the amorphous silica surface, i.e., Si(5¢c)OH" (66%) and SiOs(33%).
We first evaluated the stability of the more abundant Si(5¢)OH" species. We considered a single
Si(5¢)OH" on an aqueous 4.5 OH/nm? silica surface and simulated its stability in response to
changes of pH using DFT-MD metadynamics simulations. The breakage of the Si(5¢c)OH" was
expected to lead to the formation of two Si(4c), as schematically presented in Figure S2a. In the
metadynamic simulations, pH was effectively tuned by changing the protonation states of the two
oxygen atoms involved in the formation and breakage of Si(5¢c)OH". Of the two oxygen atoms, the
one belonging to the basic (or high-pKa) silanol group hosting the Si(5c)OH" is labelled O1
(marked in blue in Figure S2a), and the one belonging to the acidic (or low-pKa) silanol group that
yielded Si(5c)] is labelled O2 (marked in green, Figure S2a). The first reaction coordinate was
chosen as the difference between the coordination number of O2 and O1 with respect to all
hydrogen atoms in the system (Conz-on1), which described the protonation state of the two silanols
and the effective pH in the following way: Com-on1 = 0—1 = -1 if only the acidic silanol (02)
was deprotonated (between pH 4~9); 0 if both silanols were protonated (Comz-on1 =1 —-1= 0)
(corresponding to pH < 4) or deprotonated (Conz-on1 =0—0= 0) (pK >9); Conz-on1=1-0=+1
if only the basic silanol site (O1) was deprotonated. The second reaction coordinate was chosen as
the coordination number of O2 with respect to all silicon atoms in the system (Csi.o...si, green arrow
in Figure S2a), to sample the presence or absence of Si(5¢)OH". This coordinate would take the
value of 1.6 when the Si(5¢)OH" species was stable, and a value of 0.9 when Si(5¢)OH" broke into
two Si(4c) species. With the above two reaction coordinates, we could hence probe the stability of

the molecular species [Si(5¢)OH" or Si(4c)] residing at the surface over different pH ranges.



Figure S2b presents the free energy landscape with different reactive species attached to the
respective minima explored by the metadynamics simulation. Minimum 1 was found near
Com-ont = -1 and Csio...si = 1.6, corresponding to the case where the low-pKa Si(O2)H was
deprotonated, while the high-pKa Si(O1)H group remained protonated and hosted a stable Si(5c);
it appeared in the pH range of 4~9. Outside that pH range, when Com-on1 # -1, there was no
minimum related to Si(5¢)OH" observed. Instead, minima 2 and 3 were observed for Csi.o...si ~ 0.9,
corresponding to the breakdown of Si(5¢c)OH" into two Si(4c) when either the high-pKa silanol
group is deprotonated (which happens at pH > 9) or both silanols are protonated (pH < 4).

To further confirm the results, we ran two additional unbiased DFT-MD simulations on one
single deprotonated Si(5c) species [Si(5c)OH" - Si(5c)O~, marked by A in Figure S2b] at the
aqueous 4.5 OH/nm? silica surface. As seen from the absence of a corresponding minimum
(Conz-on1 = 0 and Csi.o...si = 1.6), the deprotonated Si(5c) systematically breaks into two SiO
groups after few hundreds of fs, which then remain stable for the entire time duration of the DFT-
MD simulations (30 ps). This was due to negative charge increase towards Si(5c) after
deprotonation of the already negatively charged Si(5c)OH" at high pH (average pKa = 7.7) that
strongly reducing its electrophilic character, and inducing a cleavage of the O-Si(5¢) bond with
disappearance of the Si(5¢)OH" species.

Finally, we looked into the stability of the other Si(5c) species, i.e. the SiOs’, at high pH (pH >
9). We simulated by unbiased DFT-MD the behavior of SiOs at the aqueous 4.5 OH/nm? silica
surface with all low-pKa and 60 % of the high-pKa silanol groups already deprotonated. The SiOs

was found to collapse after few ps of dynamics leading to the formation of one stable SiO"group.
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Figure S2 | (a) Scheme of the reaction studied by DFT-MD biased metadynamics simulations.
The oxygen atom of the basic (high-pKa) silanol group hosting the Si(5¢c)OH" is labelled O1 and
marked in blue; the oxygen atom of the acidic (low-pKa) silanol group is labelled O2 (green). A
new Si-O bond is created during Si(5c) formation (from right to left), while the same bond has to
be cleaved to convert Si(5¢) back to two Si(4c) species (from left to right). (b) The free energy
landscape and associated contour map spanned by Comz-on1 (horizontal axis) and Csi-o...si (vertical
axis). Levels in the contour map correspond to increase of 5 kJ/mol. Minimum @ indicates
Si(5¢)OH" to be stable at the surface in the pH range 4-9, whereas minima @ and ® represent two
stable Si(4c) species for pH > 9 and pH < 4, respectively. For a reaction with the Si(5¢)OH" further
deprotonated to SiOs> (marked by capital A), there was no corresponding energy minimum,
meaning the product would not be stable.

S2.2  Appearance of Si(5c¢) species in different models of hydroxylated silica surface

To verify if the results were model-independent, two additional silica surface models with
varying degrees of hydroxylation were investigated: 7.6 and 5.5 OH/nm? amorphous silica model
surfaces’ in contact with liquid water. We first identified the silanol groups that had the favorable
structural properties (in terms of orientations and proximity) for Si(5c¢) formation based on the
results presented in S4 and main text, and then characterized their chemical behavior after
deprotonation by unbiased DFT-MD simulations. It was found that once the silanols were
deprotonated, the resultant SiO™ indeed approached the neighboring SiO4 tetrahedron and did the

expected nucleophilic attack, leading to the formation of Si(5c). Our results show that when in
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contact with water in the pH 4~9 pH range, Si(5c) is systematically and preferentially formed by
SIOH groups that satisfy certain orientation and proximity criteria, regardless of the degree of

hydroxylation and model adopted to describe the silica surface”®.



S3. Theoretical surface coverages and nonlinear optical susceptibilities
S3.1 Theoretical calculation of the surface coverage as a function of pH

We discuss here how we can find the surface coverages of the three surface species: silanols
[Si(4c)OH], silanolates (SiO"), and Si(5¢)” [including Si(5¢)OH" and SiOs7], as functions of bulk
pH in water. The DFT-MD simulations yielded that ~ 40% (denoted as a) of the initial silanol
groups were acidic with pKa of 3.94+0.6 (denoted as pK1) and the rest basic ones with pKa of
7.740.9 (denoted as pK2). We note that the pKa values here were calculated with respect to the
surface pH. They will be translated into bulk pH in the later section.

At low and high pH, the three surface species are related to one another through the following

reactions

SiOH acidicy © Si(56)™ + H,

SiOH hasic) &si0™ + HY,

Si(5¢)” « Si0™,
as illustrated in Figures S3a and S3b, respectively, where H+ is released into the solvent. Based
on our DFT-MD results presented in the previous section, we found that breaking of Si(5c)- and
the deprotonation of the basic SiOH have the same pH dependence, we therefore can combine the
two reactions into one:

Si(56)” + SiOH pasicy <5 2510~ + H*.
From the Henderson-Hasselbalch equations, we have the following relations between surface
coverage of SIOH, Si(5¢)” and SiO™ (Csion, Csisc)-» and Cgio-, With 1 referring to a full coverage

of SiOH not being deprotonated) and the surface pH (pHs):

pHs = pK; +1og;o (M) ,

Csion acidic
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from which we find:

_ ~produced d _ 10PHs-PK1 10PHs—PK?
Csicsor- (PHs) = CHE0 " — CEES™ = agommmper (1~ mgomamms): (52)
10PHs—PK2 102PHs—PK1-DK>
Csio-(pHs) = (1 —a) 1+10PHs—PK2 t+a (1+10PHs—PK1)(1410PHs PKz) ’ (S3)
Csion(pHs) = 1 — Csi0-(pHs) — Csi(sc)- (pHs). (54)

where a is the percentage of the initial acidic silanol groups (40% of silanols).

Because of inhomogeneity of the surface structure, the values of pK1 and pKz (with respect to
the surface pH) in our DFT-MD simulations appear as distributions that can be approximated by
Gaussian functions centered at 3.9 and 7.7, respectively, with corresponding standard deviations

of 0.6 for pK1 and 0.9 for pKo.

The surface pH (pHs) and bulk pH, or the surface and bulk H+ concentrations, ng (H*) and
ng (H+), are related by the surface potential ¢ created by the surface charge density o given by

od(pH) = (Csisc)- t Csio-) Psion €, Where pg;op is the surface density of SiOH for a neutral

interface at low pH and e is the unit electrical charge. From the modified Poisson-Boltzmann

equation®'°, we have:

Nsurface(HT) <1+2v sinh? (ZZET))

exp(—j )

ng(H) =

o = dp(z = 0) = — X sinh ™! { Jzi [exp (ﬁ) - 1]} (S5)

where ¢ is the electric potential in function of the distance in z-direction from the surface, o, n,,
kg, T, e, €, and g, are the surface charge density, the ion concentration in the bulk, the Boltzmann
constant, the temperature in Kelvin, the elementary charge, the relative dielectric constant of liquid

water and the dielectric constant of vacuum. The parameter v is expressed as v = 2a3n,, where
11



we adopt a = 0.7 nm as the Bjerrum length to account for the ion size in water at room
temperature!!2,

The calculated surface pHs and bulk pH for our case of two different ion concentrations, 10
mM and 0.5 M (see experimental conditions), are plotted in Fig. S3c. Accordingly, the values of
pKi and pK: with respect to bulk pH are changed to 6.7+0.6 and 11.6+0.9 at 10 mM ion
concentration, and pK: = 4.740.6 and pK2 = 9.840.9 at 0.5 M ion concentration, as denoted by
the dotted lines in Fig. S3c. From Equation (S5), we can thus translate the theoretical pKa values
(calculated with respect to surface pH) to bulk pH units, as illustrated in Figure S3c. Taking these
bulk pKa values and adopting the same method discussed in the previous section, we can then
convert pHs and find the coverages of different species as functions of bulk pH, as presented in

Fig. 4a of the main text for the case of 10 mM ion concentration.
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Figure S3 | (a) Formation of Si(5c)  species. (b) Breaking of Si(5c) species. (¢) Calculated bulk
pH versus surface pH values.
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S3.2 Theoretical calculation of SFG spectra as a function of pH

The DFT-MD SFG spectrum of the silica/water interface in the Si-O stretching region was

2
calculated from |)(t(2al(w,pH)| , With ngal(w, pH) being the total SFG surface nonlinear

susceptibility given by
Xiato (@, pH) = 2; G(pH) )Z](_z)(w)’
where )Z](.z)(w) is the surface nonlinear susceptibility of the j surface species at full coverage

including Si-OH, Si(5¢)-OH", and Si-O7, and C;(pH) is the fractional surface coverage of the i

surface species at a given (bulk) pH (see Sec. S3.1). To calculate )Z](.i)xz (w) (experimentally probed
by SFG with SSP polarization combination), we adopted the same methodology previously
developed for surface y® (w) spectra of both water and SiO-H in the O-H stretch range®®, which
had shown excellent agreement with experiments'*1’. We used the following expression in the

calculation:

)?](,Zx)xz(w) = kB;w fooo dt e_iwt<dj,xx (t).u],z (O)),

where u,(0) and a,, (t) refer to the z and xx components of the dipole and polarizability of the

surface-group in the laboratory frame, and the angular brackets denote an average of the product.
The calculated &;?xz(wﬂ spectra for the three surface species, Si-OH, Si(5¢)-OH", and Si-O", are

shown in Extended Data Fig. 4; they peaked at ~840, 920, and 1000 cm™, respectively, and their

profiles hardly change with pH. The total surface nonlinear susceptibility is given by:
X5 (@,pH) = (Csion(H) = Csicser-(0H)) Tl (@) + Csigser- (PH) Tiaisey- (@)

+Csio-(pH) )Zé?(),— (w),

2)

sp (W, pH)|? spectra can be found as presented in Figs. 4b and 4c of the main

from which the |Xs(

text in comparison with the experimentally observed spectra.
13



S3.3 Consistency between the discovery of Si(5c)- species & SHG titration experiments
According to Ref. 10 the effective surface nonlinear susceptibility for the reflected second

harmonic generation (SHG) at 2w has the expression

X&) = x5+ x50, (S6)
XL()ZL) = XL(;u)zk v, (S7)
Y= fooo Ey(z")eitkzz' gz, (S8)

where Ak, is the phase mismatch of the reflected SHG, )(g?L is the second-order nonlinear

susceptibility of the BIL (bonded interfacial layer) water'8, W is the phase-modulated potential

difference across the diffuse layer (DL), and )(glk is the third-order nonlinear susceptibility of

bulk water. It was found that y$), = (9.56 +1.87) x 10?2 m?/V2 at 2w ~ 20,000 cm™2, Since
we knew the surface charge density o from the fractional surface coverages of Si(5¢) and SiO™ and
the surface potential ¢(z) from the solution of the modified Debye-Boltzmann equation as
functions of (bulk) pH (See Sec. S3.1), we could obtain the field E,(z") from Ey(z")2 = —Vd(2),

and then deduce the complex ¥ from Equation (S8) with Ak, *= 25 nm'8. We thus can calculate

the )([(,ZL) as a function of pH from Equation (S7).

As the change in )(l(j)L with pH was shown in previous studies to be much smaller than the

(2)

change in the y;;; term'’, we hence simply took the P

ef f value at pH 2 (correspondingto ¢ =0)

from the SHG results reported in Ref. 19 as Xf;,} for all calculations. We then obtained the total

x2 from the sum of ¥ and x'%, as plotted |y )| versus pH in Fig. 4e (main text) in

comparison with the experimental results reported in Ref. 19.
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S4. Structure characterization of local environments for Si(5c¢) formation

Here we focus on specific local structures of the interface that could lead to the formation of
Si(5c) species. We first considered the possible role of water in Si(5¢) formation using the model
surface that had a surface SiOH density of 4.5/nm?. We studied if the silanol acidity and Si(5c)
formation could be influenced by the silanols exposure to water. Figure S4a describes the
heterogeneous distribution of water density in the bonded interfacial layer (BIL) with silanol
groups (circles with index number) at different places. Red circles and indices refer to silanols that
would deprotonate to form Si(5c), and the black indices to silanols that would deprotonate to form
Si-O. As shown in the Table of Fig. S4b, we found no correlation between Si(5c¢) formation and
how SiOH initially interacts with neighboring water.

We next considered the possibility that Si(5c) could result from deprotonation of special types
of silanols (e.g. vicinal vs isolated) or SiOH having specific H-bonding with adjacent water
molecules (i.e. SIOH bonded to water molecules with a donor bond, an acceptor bond, both donor
and acceptor bonds, or no bond at all.) Again, as summarized in the table of Fig. S4b, we found
no correlation between Si(5c) formation and H-bonding of SiOH. We can therefore conclude that
despite water is an essential reactant in silanol deprotonation, its influence on the acidity of SIiOH
and Si(5¢) formation is not significant.

We then questioned whether there were specific surface morphological factors that can affect
the Si(5¢) formation. Plotted in Fig. S5a are the Si radial distributions around the oxygen atom of
each of the eight SiOH groups on the 4.5 OH/nm? silica surface, taking into accounts all Si atoms
in the system. In each radial distribution curve, the first peak (at r > 2.5 A) corresponds to the
distance between the oxygen atom and its closest neighboring Si atom that is not covalently bonded
to it. The three distributions plotted in red, blue, and black dashed curves are the only ones in

which the first peak appears for ro.si < 3.5 A. Interestingly, they were the only three SiOH groups

15



that formed Si(5¢) upon deprotonation. This suggests that the close proximity between the oxygen
atom of a given SiOH and a neighboring Si atom is important for the Si(5c) formation.

We also question the effect of SiOH orientation towards a neighboring SiO4 on Si(5c)
formation. We plot in Fig. S5b the probability of Si(5c) formation as a function of the angle x
(defined as the angle between the two blue arrows in the sketch at the top of Fig. S5b) that describes
the relative orientation of the silanol Si-OH bond (that performs the nucleophilic attack) with
respect to the SiO4 tetrahedron being attacked, and the distance between the oxygen atoms, i.e. O*
of SiOH and O of SiO4 labelled in Fig. S5b. Three peaks appear in this plot, all are obtained for x
~ 90°, and each of the peaks is obtained for a different value of the O*-O distance. They reflect
ideal geometries for the formation of a Si(5c) species that best avoid steric hindrance between the
three oxygens of SiO4 and the SiOH during the nucleophilic attack. The above structural analysis
shows that proximity and appropriate relative orientation between SiOH and a neighboring SiO4

tetrahedron are key factors for the formation of Si(5c).

16
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) Vicinal D Si(5¢c)
@ Vicinal D 7.8 SiO-
<)) Isolated A/D 8.2 SiO-
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® Isolated A/D 4.5 Si(5¢)
@ Vicinal A/D 33 | si(5c)
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Donor (D) Donor &Acceptor (A/D)

Figure S4 | (a) Water density map in the bonded interfacial layer above the 4.5 SiOH/nm? silica
surface. The color coding (vertical scale in the plots) goes from black (low density of water) to red
(high density of water). The eight surface Si-OH silanols at the model silica surface are labelled
by their index numbers (in circles); the silanols that transform into Si(5c) species, once
deprotonated, are labelled in red and the others in black. (b), Table describing some properties of
each indexed silanol, i.e., isolated or vicinal, H-bonding pattern with water molecules in the BIL,
pKa value and the nature of the conjugate base [SiO~or Si(5c)]. We note that silanols that are not
H-bonded to water are not statistically relevant at the investigated interface. On the right of (b) is
the scheme of the relevant H-bonding patterns obtained in our DFT-MD simulations.
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Figure S5 | (a) Si-O radial distribution curves of non-covalently bonded Si atoms around the
oxygen atom of each of the eight SiOH groups located on the surface of the 4.5 OH/nm? silica
model. There are 8 plots reported, among which the red, black and blue dashed ones correspond
to the SiOH groups whose deprotonation leads to the formation of Si(5c). (b) The top frame is a
snapshot from the DFT-MD simulations that describes the SiO4 tetrahedron in optimum orientation
with respect to the reactive SiOH for the formation of the Si(5c) species. The bottom frame shows
the distribution of Si(5c¢) formation with as a function of the O*-O distance and of the angle x
(both are defined in the top frame) between SiOH and SiO4. The three peaks marked with red
circles identify the three most probable geometries for Si(5¢) formation found in our simulations.
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