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Experimental

Materials

High-purity organic liquids (benzene, acetone, tetrahydrofuran (THF), N,N-dimethylformamide

(DMF), and chloroform) were purchased from Sigma-Aldrich (Table S4). All chemicals were

used as received. The liquids were used to prepare binary mixtures with different bulk

concentrations of acetone-chloroform, THF-benzene, and DMF-benzene by weight (Tables

S5-S7).

SFG Measurements

Procedure

The equilateral sapphire prisms (used as substrates) for SFG experiments were first heated in

a tube furnace at 760◦C for at least 2 h followed by sequential sonication in different solvents

(toluene, chloroform, acetone, and ethanol) for 1 h each. Then, the sapphire prisms were

sonicated in ultrapure water (Millipore filtration system, 18.2 MΩ·cm) and finally plasma

sterilized for 5 min to remove any traces of hydrocarbon contaminants. The stainless steel

liquid cells used for holding the sapphire prisms were also cleaned using the same protocol as

used for sapphire prisms, with the exception of the tube furnace heating. A clean sapphire

prism was placed onto the liquid cell with a teflon spacer and held in place by a clamp. A

blank scan was collected for each sapphire prism before injecting liquids into the liquid cell

to ensure that the sapphire surface was free of any hydrocarbon contaminants and to locate

the position of sapphire free-hydroxyl peak (Figure S2). Due to the observed variation in

position of the sapphire free-hydroxyl peak, the SFG spectra in the hydroxyl region were

plotted as a function of frequency shift (calculated with respect to the position of the sapphire

free-hydroxyl peak for a given experiment) instead of wavenumber.1

Afterwards, the assembly was placed under vacuum (∼30 min) to get rid of any traces

of bound water. Liquid was then injected into the liquid cell and sealed with brass caps.
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The setup was then allowed to remain in the hood for ∼30 min before spectra collection,

to ensure proper sealing and equilibration. For liquid mixtures, the lowest concentrations of

the strongly segregating component were injected first followed by increasing concentrations.

The liquid cell was flushed in between concentrations using the weakly adsorbing liquid.

Laser System

SFG spectra were acquired using a Spectra Physics laser system, a detailed description

provided in previous publications.2–5 Briefly, it involves the spatial and temporal overlap

of a fixed 800 nm visible beam (∼70 µJ energy, 1 ps pulse width, 1 kHz repetition rate, 1

mm diameter) and tunable infrared (IR) beam (∼3.5 µJ energy, 1 ps pulse width, 1 kHz

repetition rate, 100-200 µm diameter). The SFG spectra were collected in total internal

reflection (TIR) geometry using equilateral sapphire prisms (15 mm x 15 mm x 15 mm x

10 mm, c-axis ± 2◦ parallel to the prism face, Meller Optics, Inc.) as substrates, where the

incident angle for the IR beam was adjusted to probe the interface between sapphire and

different pure liquids and liquid mixtures. The incident angles used in the current study for

different liquids and liquid mixtures are given in Tables S4-S7. The incident angle for the

visible beam was ∼1.5◦ lower than that of the IR beam. The TIR geometry offers significant

enhancement in SFG signals, however, this enhancement could be uneven across the entire

scanning IR wavelength due to variation in refractive index with wavelength. SFG spectra

were collected in PPP (P-polarized SFG, P-polarized visible, P-polarized IR) polarization

at room temperature for the hydrocarbon (2750-3200 cm−1) and hydroxyl (3100-3800 cm−1)

regions. For the hydroxyl region, two scans were averaged to improve the signal-to-noise

ratio. The presented SFG spectra have not been corrected for changes in Fresnel factors and

have been fitted using a Lorentzian equation (Equation S1).

ISFG ∝| χNR + Σ
Aq

ωIR − ωq + iΓq

|2 (S1)

In Equation S1, χNR describes the non-resonant contribution that does not change with
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scanning wavenumber (ωIR). Aq, Γq, and ωq are the amplitude strength, damping constant

(width), and resonant frequency (peak position) of the qth vibrational resonance, respectively.

Fitting Mixture Spectra

First, the pure-liquid SFG spectra were fit using Equation S1 with 1 (chloroform and benzene)

or 2 (acetone, THF, and DMF) peaks to obtain the average and standard deviation of the

peak positions, widths, and amplitudes. To obtain consistent values despite covariance for

the average and standard deviations of the different fit parameters, a more rigorous method

was used for the bimodal peaks of acetone, THF, and DMF. First, all of the parameters were

allowed to vary, and then only amplitudes and χNR were allowed to vary with the position

and width fixed. Finally, the widths alone were allowed to vary. The average and standard

deviations for the peak position, amplitude, and width were taken from the first, second, and

third iterations, respectively. The ratio of the two peaks (R) for acetone, THF, and DMF

was calculated in order to keep the spectral profile consistent for fitting mixture spectra.

The mixture spectra in the hydroxyl region were fit using three Lorentzian peaks to

calculate the relative interfacial concentrations of the two liquids. To determine the values

for the peak position and width for chloroform and benzene, the lowest concentration for

the particular experiment (0.01 mole % acetone for acetone-chloroform, 0.1 mole % THF for

THF-benzene, and 0 mole % DMF for DMF-benzene) was fit as if it were purely chloroform

or benzene, but allowing the position and width to vary within the constraint of one standard

deviation of the mean for the pure liquids. For the acetone, THF, and DMF, the position,

width, R, and χNR were allowed to vary (in the same manner as pure liquids) for the

highest concentration for the particular set of experiments (75 mole % acetone for acetone-

chloroform, 100 mole % THF for THF-benzene, and 25 mole % DMF for DMF-benzene).

An average of the peak position, width, and R was obtained from the two experimental

repeats. Then all mixture concentrations were fit using these parameters from both extremes,

only allowing one amplitude factor attributed to each liquid (AS and AW for the strongly
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and weakly interacting components, respectively) and χNR to vary. The interfacial area

fraction of the strongly segregating component (φS,a) was calculated (Tables S8-S10) using

the amplitude ratio, as given in Equation S2.

φS,a =
(R + 1) ∗ AS

(R + 1) ∗ AS + AW

(S2)

The interfacial area-fractions were converted to interfacial volume fractions (φS,m) using

the area and molar volume for different liquids (Table S11).

Supplementary Text

Lifshitz-van der Waals Work of Adhesion

The Lifshitz-van der Waals work of adhesion (WLW ) can be calculated by Equation S3, where

Hamaker constant (H) is calculable from Lifshitz theory (Equation S4) and do=0.165 nm.6

WLW =
H

12πd20
(S3)

H =
3

4
kT

(ε1 − 1

ε1 + 1

)(εs − 1

εs + 1

)
+

3hνe

8
√

2

(n2
1 − 1)(n2

s − 1)

(n2
1 + 1)0.5(n2

s + 1)0.5[(n2
1 + 1)0.5 + (n2

s + 1)0.5]
(S4)

In Equation S4, εi and ni represent the dielectric constant and refractive index of liquid

(1 ) and substrate (s). νe is the absorption frequency of the given liquid, which is available

in the literature.7 k and T are the Boltzmann’s constant and temperature, respectively. For

sapphire, εs=9.3 and ns=1.75.8 The parameters for the liquids are given in Table S11.
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Acid-Base Work of Adhesion

The acid-base work of adhesion (WAB) can be calculated by Equation S5, where n is the

number of interfacial acid-base pairs and ∆H is the enthalpy of acid-base interactions.9 The

n used in this work is 9 per nm2, while ∆H was calculated using the Drago-Wayland and

the Badger-Bauer equations.3,10,11

WAB = n ∗∆H (S5)

Drago-Wayland Equation

Drago and Wayland proposed a four-parameter equation to calculate the enthalpy of inter-

action (∆H) using the E and C parameters for the acid and the base (Equation S6).11 The

EB and CB parameters have been listed in Table S4 for the liquids used in the present study.

The EA and CA values of sapphire were taken from Kurian et al.2

∆H = EAEB + CACB (S6)

Badger-Bauer Equation

In 1937, Badger and Bauer proposed an empirical relationship that relates the enthalpy

of mixing (∆H, kcal/mol) to the shift in the vibrational frequency (∆ν, cm−1), given by

Equation S7.10,12

∆H = m ∗∆ν + C (S7)

In Equation S7, m and C represent the slope and intercept of enthalpy, ∆H (kcal/mol)

vs. frequency shift, ∆ν (cm−1) plot. The literature reported values of m and C were used

for calculating the interaction energies.2
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Calculation of the Average Shift for Acetone, DMF, and THF

The hydroxyl regions for acetone, THF, and DMF show bimodal distributions for the sap-

phire hydroxyl peak. Thus, we use a weighted average of the two peaks to calculate the

average sapphire hydroxyl peak position (ωq,avg).

ωq,avg =
Aq,1 ∗ ωq,1 + Aq,2 ∗ ωq,2

Aq,1 + Aq,2

(S8)

In Equation S8, ωq,1 and ωq,2 are the positions of the two peaks, whereas Aq,1 and Aq,2

are the amplitudes of the two peaks. The average peak position (ωq,avg) is subtracted from

the frequency of sapphire free-hydroxyl peak (ωfree−OH) to calculate the frequency shift, ∆ν

(Equation S9).

∆ν = ωfree−OH − ωq,avg (S9)

Calculation of Interaction Parameter, α

The interaction parameter (α, mJ/mol) was calculated from the Hildebrand solubility pa-

rameters of the two liquids (δ1 and δ2, (cal/cm3)0.5) in a given mixture (Table S11).

α = V ∗ (δ1 − δ2)2 ∗ 4186 (S10)

In Equation S10, V is the volume of the strongly interacting liquid (cm3/mol) and 4186

is the conversion factor from cal to mJ (Table S11).

Table S1: Average frequency shift (∆ν) for the different liquids. The errors
represent ±1 standard deviation.

Liquid Frequency Shift (∆ν, cm−1)

Chloroform 28±10
Benzene 56±13
Acetone 111±9
Dimethylformamide 113±11
Tetrahydrofuran 122±9
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Figure S1: Orientation distribution of sapphire surface hydroxyls with respect to the surface
normal for pure acetone (red circles, solid line) and chloroform (black squares, dashed line),
respectively.13 The orientation distribution of sapphire surface hydroxyls does not change
significantly with change of liquid next to sapphire.

Figure S2: Histogram of sapphire free-hydroxyl peak positions.
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Table S2: Peak assignments in the hydrocarbon region for the different liquids
used in the present study.

Chemical Name
Peak Position

(cm−1) Peak Assignment

Chloroform5 ∼3028 ν(C-H)

Benzene14

∼3043 ν(=CH)7a, ν(=CH)7b
∼3073 ν(=CH)20a, ν(=CH)20b
∼3090 Comb/Overtone

THF15–17

∼2875 νs(C-H)
∼2944 νa(C-H)
∼2972 νa(C-H)

Acetone2,18–20 ∼2930 νs(CH3)

DMF21

∼2820 1664+1160
∼2896 ν(C-H)
∼2945 νs(CH3)N

Table S3: Components used to calculate the difference in the work of adhesion
of the two components (∆W ) using the Fowkes relationship given in Equations
3 and 4.

Liquid Mixture
WLW

2 -WLW
1

(mJ/m2)

WAB
2 -WAB

1

(mJ/m2)a
WAB

2 -WAB
1

(mJ/m2)b

Acetone-Chloroform 11.2 -56.6 -
THF-Benzene -13.6 -45.0 -45.69
DMF-Benzene -6.9 -38.9 -55.52

a Calculated using Badger-Bauer relationship (Equation S7) with n = 9 surface hydroxyl
groups per nm2, determined using X-ray photoelectron spectroscopy.3
b Calculated using Drago-Wayland parameters (Equation S6) given in Table S4.

Table S4: Source, purity, EB and CB parameters for all the liquids used in the
current study. The last column provides the incident angles used to probe the
interface between sapphire and different liquids.22

Chemical Name Source
Purity

(%)
EB

(kcal/mol)0.5
CB

(kcal/mol)0.5
Incident Angle

(◦)

Benzene Sigma Aldrich 99.8 0.486 0.707 0
Acetone Sigma Aldrich ≥99.9 0.987 2.33 18
THF Sigma Aldrich ≥99.9 0.978 4.27 8
DMF Sigma Aldrich ≥99.9 1.23 2.48 5
Chloroform Sigma Aldrich ≥99.5 - - 6
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Table S5: The different bulk concentrations of the acetone-chloroform mixture
(given in mole % of acetone) investigated using SFG and the corresponding
incident angles used to collect the SFG spectra.

Mole % of Acetone
(Target)

Mole % of Acetone
(Actual)

Incident Angle
(◦)

0.01 0.01 6
0.1 0.097 6
0.5 0.487 6
1 0.961 6
5 4.614 6
10 9.735 6
25 23.48 6
50 49.96 9
75 74.61 12

Table S6: The different bulk concentrations of the THF-benzene mixture (given
in mole % of THF) investigated using SFG and the corresponding incident angles
used to collect the SFG spectra.

Mole % of THF
(Target)

Mole % of THF
(Actual)

Incident Angle
(◦)

0.1 0.12 0
1 1.07 0
10 9.87 0
25 23.51 0
50 50.80 2

Table S7: The different bulk concentrations of the DMF-benzene mixture (given
in mole % of DMF) investigated using SFG and the corresponding incident angles
used to collect the SFG spectra.

Mole % of DMF
(Target)

Mole % of DMF
(Actual)

Incident Angle
(◦)

0.001 0.001 0
0.005 0.005 0
0.01 0.008 0
0.05 0.041 0
0.1 0.088 0
0.5 0.532 0
1 0.935 0
10 9.99 0
25 25.13 0
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Table S8: Interfacial area fraction of acetone determined by Equation S2 for
acetone-chloroform binary mixtures and calculated bulk and interfacial volume
fractions for use in Figure 3.

Bulk Volume Fraction (φ1,l) Interfacial Area Fraction (φ1,a) Interfacial Volume Fraction (φ1,m)

8.90E-05 0±0 0±0
8.81E-04 0.02±0.04 0.03±0.04
4.45E-03 0.30±0.06 0.32±0.06
8.78E-03 0.32±0.00 0.34±0.00
4.23E-02 0.56±0.01 0.58±0.01
8.96E-02 0.56±0.01 0.58±0.01
2.18E-01 0.83±0.02 0.84±0.02
4.77E-01 0.78±0.01 0.79±0.01
7.28E-01 1.00±0.01 1.00±0.01

Table S9: Interfacial area fraction of THF determined by Equation S2 for THF-
benzene binary mixtures and calculated bulk and interfacial volume fractions for
use in Figure 3.

Bulk Volume Fraction (φ1,l) Interfacial Area Fraction (φ1,a) Interfacial Volume Fraction (φ1,m)

1.11E-03 0±0 0±0
9.69E-03 0.23±0.10 0.26±0.11
9.04E-02 0.65±0.01 0.65±0.01
2.18E-01 0.83±0.04 0.79±0.03
4.84E-01 0.89±0.07 0.83±0.06

Table S10: Interfacial area fraction of DMF determined by Equation S2 for DMF-
benzene binary mixtures and calculated bulk and interfacial volume fractions for
use in Figure 3.

Bulk Volume Fraction (φ1,l) Interfacial Area Fraction (φ1,a) Interfacial Volume Fraction (φ1,m)

8.49E-06 0±0 0±0
4.48E-05 0.04±0.06 0.06±0.08
6.50E-05 0.49±0.09 0.56±0.09
3.55E-04 0.66±0.07 0.72±0.07
7.58E-04 0.76±0.02 0.81±0.01
4.61E-03 0.83±0.05 0.87±0.04
8.10E-03 0.89±0.03 0.92±0.03
8.77E-02 0.94±0.01 0.95±0.01
2.25E-01 0.98±0.03 0.99±0.02
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Table S11: Parameters used to calculate the different components of the work
of adhesion.

Parameter Benzene Chloroform Acetone THF DMF

Solubility parametera (δ, (cal/cm3)0.5) 9.2 9.3 10.0 9.1 12.1
Surface tensiona (γ, dyne/cm) 28.9 27.16 23.3 28 35
Molar volumea (V , cm3/mol) 89.41 80.41 73.4 81.08 77.43
Refractive indexa (n) 1.498 1.444 1.357 1.404 1.427
Dielectric constanta (ε) 2.28 4.8 20.6 7.6 36.7
Molar area (a, 105 m2/mol) 2.90b 2.06b 1.73b 2.19c 1.86d

Vibrational frequency (ν, 1015 s−1) 2.1e 2.8f 2.9e 3f 2.6f

a Reference23

b Reference24

c Reference25

d Calculated from molar volume
e Reference6

f Reference7
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