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ABSTRACT.   

The buried solid/liquid interface between hydrophilic fused silica and binary solvent mixtures of 

acetonitrile (MeCN) and methanol (MeOH) was studied with vibrational sum-frequency 

generation (vSFG) spectroscopy. Our data showed that at high relative concentrations of 

methanol, the Fermi resonance peak in the vSFG spectrum is greatly suppressed; progressively 

gaining intensity as methanol is diluted with perdeuterated acetonitrile. This phenomenon is 

quantified by the Fermi resonance coupling coefficient, W, extracted using a two-level model, as 

well as the experimental intensity ratio, R, of the methyl Fermi resonance band to that of the 

symmetric stretch. At a 1.0 MeOH mole fraction, W and R values were 10.3 ± 9.8 cm-1 and 0.01 

± 0.02, respectively, whereas at 0.1 mole fraction, W and R increased to 46.3 ± 3.6 cm-1 and 

0.43 ± 0.16, respectively.  This indicates that solvation with acetonitrile effectively tunes the 

Fermi coupling of methanol vibrations at the silica/liquid interface. 
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The understanding of interfacial organization and intermolecular interactions in polar 

liquid binary mixtures, particularly acetonitrile and water, at hydrophilic silica surfaces has 

received renewed interest since hydrophilic interaction liquid chromatography (HILIC) came 

about as an alternative modality in high performance liquid chromatography (HPLC) for the 

chemical separation of polar analytes.1-5 Analyte retention at the interface is attributed to a 

combination of partitioning of the analyte into a water-enriched surface layer due to favorable 

hydrogen bonding and electrostatic interactions. A complementary methodology is nonaqueous 

(NA)-HILIC, where alcohols, such as methanol, are used in place of water as the strong solvent 

(referring to its stronger attractive solvation forces with polar analytes) in mixtures with a weaker 

organic solvent, typically acetonitrile, as the mobile phase. Studies of analyte retention in NA-

HILIC are sparse and, from a fundamental viewpoint, present a significant challenge considering 

that the in-situ characterization of the alcohol-rich stationary phase layer remains elusive.  A lack 

of a molecular-level understanding regarding the contributing factors to the retention mechanism 

in various HILIC modalities has limited the advancement of this technique in liquid 

chromatography.5 The structure of the ultrathin liquid interfacial layer over silica that acts as the 

stationary phase is dictated by a competing intermolecular interactions among solvent molecules 

and the silica surface functional groups. Such complexity at the solid/liquid surface has motivated 

experimental6-9 and computational10-15 studies to examine solvent partitioning and organization of 

binary solvent mixtures at the silica/liquid interface as model systems for HILIC. 

 Vibrational sum frequency generation (vSFG) spectroscopy is an optical second-order 

nonlinear spectroscopic technique that is effective in probing such buried interfaces without 

enduring largely interfering signals from the bulk.16-19 Previous vSFG measurements of 

acetonitrile/water binary mixtures revealed that acetonitrile adsorbs at both hydrophilic and 



 

 

hydrophobic quartz substrate.6 The formation of a lipid-like antiparallel bilayer at the hydrophilic 

silica surface has been reported at concentrations as low as 10%,7 with a clear pH dependence.9   

Strong vSFG methanol bands appearing at ~2830, ~2920, and ~2945 cm-1 have been 

reported for the silica/vapor8, 20 and liquid/vapor interfaces21-29 and are attributed to the methyl 

symmetric stretching (r+) and two Fermi resonance modes (r+
FR), respectively. The peak 

assignment of the vSFG modes for methanol has been somewhat debated. Both the asymmetric 

stretching mode (r-) and the r+
FR mode have been assigned to the peak at ~2945 cm-1.30-31 However, 

polarization selection rules indicate that the r+ and  r+
FR modes yield the greatest vSFG response 

in ssp polarization and the highest intensity for the r- mode in ppp combination,26 where s and p 

are representative of the light polarization for the SFG, visible, and infrared beams, respectively. 

Puzzlingly, the r- mode, expected in the same energy region, has not been observed for any vSFG 

polarization combination for methanol at the silica/vapor interface8, 20 nor liquid/vapor interface,21-

29 but has been detected on TiO2 films.32-36 However, according the bond additivity model,37-38 the 

intensity of the r- mode is expected to be significantly weaker than the r+ mode in ssp polarization.24 

In contrast, the vSFG signals of liquid methanol at the hydrophilic silica/liquid interface 

have remained elusive, with the reported signals showing no significant vibrational bands in the 

methyl stretching region (2800-3000 cm-1).6, 8, 14, 20, 39 This has been rationalized in terms of 

destructive interference effects from a well-ordered antiparallel double layer, where the hydroxyl 

group of methanol molecules directly at the interface and methanol molecules at a subsequent layer 

point in opposite directions leading to a net signal cancellation.20 Later reports have attributed the 

lack of signal to dynamic effects and/or equal number of oppositely aligned interfacial methanol 

molecules.8 The lack of signal response from methanol has hindered our understanding of the 

simplest alcohol at the silica/liquid interface, thus the interfacial interactions and dynamics of 



 

 

methanol on the silica surface remain undetermined. Herein, we use nonlinear second-order vSFG 

spectroscopy to generate high signal-to-noise ratio spectra for the weak signals originating from 

the liquid/fused silica interface in order to elucidate relevant intermolecular interactions and 

partitioning for a series of binary MeOH/MeCN liquid mixtures at the fused silica surface.  

Figure 1 reports the ssp vSFG spectrum of liquid MeOH at the fused silica interface. The 

figure shows a direct comparison of the interfacial C-H signal response from neat acetonitrile and 

neat methanol adsorbed onto an IR-grade fused silica substrate (Corning 7979 by Esco Optics, 

Inc.) obtained under the same experimental conditions. This result puts into perspective the drastic 

difference in the vSFG intensity between the two species, making it very understandable why 

previous attempts have reported a lack of vSFG signal from liquid methanol on silica. Methanol 

signals are nearly at the baseline level of the SiO2/MeCN spectrum as shown in Figure 1a. The r+ 

mode of MeCN appears at 2943.9 ± 0.2 cm-1, in agreement with previous reports.6-9 Shown in 

Figure 1b are the r+ and two r+
FR modes for MeOH detected at 2846.0 ± 0.3 cm-1, 2910 ± 3.6 cm-

1 and 2940.8 ± 5.2 cm-1, respectively, and are in agreement with the well-known bands of 

methanol.8, 21-23, 25, 27-29 The broad gradual rise in sum frequency signal at higher frequencies is 

attributed to O-H vibrations from the hydroxyl group of interfacial methanol as special care was 

taken to minimize the presence of water in the sample. For the remainder of this letter, we focus 

our discussion in the C-H vibrational region. It is important that to obtain the best alignment at the 

solid/liquid interface, a spot of gold (sufficiently far away from the sampling region) was added to 

the fused silica substrates (on the side facing the liquid) to serve as a reference for SFG 

optimization as it generates a large non-resonant signal as described by Barret and Petersen.40   



 

 

 

Figure 1. vSFG signal response of acetonitrile (red) and methanol (blue) acquired in ssp polarization at the 

silica/liquid interface obtain under the same experimental conditions. (a) Direct comparison of the 

normalized intensities obtained for the neat MeCN and neat MeOH solid/liquid vSFG spectra. (b) 

Magnified plot from the data in Figure 1a showing the MeOH spectral details. 

 

Although the peak positions agree with previous reports of interfacial MeOH, the intensity 

of the Fermi resonance peaks appear to be vastly weaker than what has been reported for other 

interfaces, such as the silica/vapor. However, it is important to note that our measurements showed 

a strong dependence of the Fermi resonance intensity with the type of SiO2 substrate and 

pretreatment procedure. For instance, neat methanol showed a clear difference in intensity for the 

r+
FR mode at 2940.8 ± 5.2 cm-1 on IR fused silica (Corning 7979) used in this study compared to 

our results on fused quartz (GE 124) shown in Figure S2. The OH content is known to be less for 

fused quartz compared to fused silica, and we tentatively attribute the distinct Fermi resonance 

intensities to different silanol population and crystallinity between the two substrates. Differences 

in silica pretreatment41 , as well as the type of substrate for the TiO2 case,42 have shown to affect 

spectral bands of neat water and vapor methanol, respectively. Density profiles of water on quartz 



 

 

compared to on fused silica surfaces have shown to differ in its structural layers as well.43 It is also 

important to note that prior to our experiments (see Supporting Information for details of sample 

preparation), fused silica windows were UV-ozone treated for the removal of any organic 

contaminants, which is known to increase the number of free silanol and siloxane surface groups.44 

Here, we discuss only the results using fused silica substrates as fused silica is more commonly 

used in chromatography applications. The results and differences regarding fused quartz will be 

addressed in a later study. 

 One of the advantages of being able to detect methanol at the solid/liquid interface is that 

a series of binary solvent mixtures of MeOH with perdeuterated MeOH-d4 or MeCN-d3, could be 

systematically studied in order to gain fundamental insights into the interfacial solvation effects 

on the molecular organization and competing interactions of methanol at the silica surface. We 

also prepared MeCN mixtures with MeOH-d4 at varying mole fractions. While some exchange of 

hydrogen and deuterium (H/D exchange) in the alkyl groups might be considered, the alkyl C–H 

bonds are relatively inert towards H/D exchange without a catalyst to activate these bonds, 

allowing us to draw conclusions in terms of solvation.  

Figures 2a.1 and 2b.1 are the vSFG experimental spectra of MeCN/MeOH-d4 and 

MeOH/MeOH-d4 probed at varying mole fractions, respectively. Our measurements for 

MeCN/MeOH-d4 in Figure 2a.1 are in agreement with previous experimental reports, where the 

maximum intensity observed for the r+ mode is not observed at 100% but rather at ~90% (Figure 

2a.4 and 2a.5), and a decrease for mole percentages smaller than ~90%.8 The decrease in intensity 

at lower mole fractions is attributed to a decrease in number density of molecules at the interface, 

whereas the decrease beyond ~90% has been attributed to signal cancelation due to antiparallel 

bilayer ordering of acetonitrile molecules in the interfacial region. Although it is expected that the 



 

 

coherent sum frequency responses of opposite phase cancel out for transition dipoles of the same 

vibrational mode pointing in opposite direction,45 the cancelation here is not perfect as the signal 

persists at the highest and lowest concentrations of MeCN due to a frequency shift between the 

molecules pointing towards the liquid (peak 1 in Figure 2a.2) and the leaflet interacting with the 

silica (peak 2 in Figure 2a.2),10 creating therefore an asymmetric solvation environment at the 

interface.  

Interestingly, a similar Mountain plot11 trend is observed for MeOH, where the maximum 

signal appears at ~80% and then decreases at higher concentrations as shown in Figures 2b.1, 2b.4, 

and 2b.5. The signals from methanol are significantly weaker compared to acetonitrile with lower 

signal to noise ratios. The r+ mode and r+
FR modes for hydrogenated MeOH are not observable 

until approximately ~20% and ~60%, respectively. MeOH samples below 20% are unfortunately 

below our limits of detection, most likely due to a combination of the methanol weak SFG response 

and lower surface coverage as hydrogenated methanol and its deuterated form should have no 

preference, relative to each other, for the silica surface (analogous surface affinity). Similar to the 

acetonitrile case, we attribute the rise in intensity between 20-80% to the increase in number 

density of methanol molecules at the surface. The decrease in intensity at higher mole percent (> 

80%) agrees with previous reports at the liquid/vapor interface.22-23, 27-29 It remains a mystery why 

the vSFG signals of interfacial liquid MeOH are so much weaker than those of liquid MeCN. Li 

et al., has proposed that the decrease in intensity at higher concentrations are due to the decrease 

in the Raman polarizability and IR transition dipole component to the microscopic 

hyperpolarizability tensor.27 Molecular dynamics (MD) calculations have shown that surface 

defects can increase the population of methanol in the second sublayer with opposing orientations 

to methanol at the surface, resulting in a decrease of the r+ mode vSFG signal.14 Interestingly, the 



 

 

weaker r+
FR mode is almost undetectable until ~60% MeOH/MeOH-d4 increasing modestly with 

increasing mole fractions or methanol molecules at the interface.  

 Experimental evidence for a double layer of acetonitrile in water mixtures has been 

supported, in part, by using two opposite phase Lorentzian functions spaced by ~11 cm-1 to fit the 

r+ mode.7 Here, we report our fittings with one and two Lorentzian function(s) as demonstrated in 

Figures 2a.2 and 2b.2 for 80% dilutions of both MeCN and MeOH, respectively, with MeOH-d4. 

For both MeCN and MeOH cases, peak 1 (lower-frequency) is attributed to the r+ mode in the 

second sublayer, and peak 2 (higher-frequency) corresponds to the r+ mode of solvents closest to 

the silica surface. The fits with two peaks show consistently a better agreement indicated by the 

residual. The higher-frequency resonance for the first sublayer reveals a blue-shift induced by 

hydrogen bonding to the substrate. The frequency separation of the two Lorentzian functions for 

the r+ mode, obtained in our fits, averaged to be 12 cm-1, well in agreement with what has been 

reported for acetonitrile at the silica/liquid interface.7  

The formation of an antiparallel double layer for liquid methanol is currently debated and 

computational studies suggest an absence of a typical double layer formation for methanol at the 

silica/liquid interface.12-14 Our Lorentzian fits indicate that oppositely phased methanol 

contributions do a better job representing the data as supported by the residual plots in Figure 2b.3 

for MeOH/MeOH-d4. A rare case when the hydrophobic tail of methanol points towards silica at 

the surface may also be possible as hydrophobic patches are known to exist at the surface of 

hydrophilic silica surfaces.46-49 Depending on the pretreatment of silica substrates, silanol may 

dehydroxylate to partly hydrophobic siloxane groups.41, 44 Another scenario for the non-single 

Lorentzian lineshape may arise from inhomogeneous broadening contributions and this needs to 

be further explored with high resolution lineshape sensitive methods.50 While fitting with a Voigt 



 

 

function that accounts for the instrument response was superior than the one Lorentzian fit, the 

two peak model was somewhat better reproducing our spectral lineshape satisfactorily. This 

question is worth revisiting with higher spectral resolution and improved signal-to-noise ratios 

(section 2 of the SI).   

 

Figure 2. vSFG spectra of binary solvent mixtures of MeCN and MeOH with deuterated methanol at 

varying mole percent (a.1 and b.1, respectively). The spectra are offset for clarity. The methyl symmetric 

stretching mode for both MeCN and MeOH fit to one (grey) and two (black) Lorentzian function(s) (a.2 

and b.2, respectively), along with fitting residuals (a.3 and b.3, respectively). The amplitudes (left axis) of 

the Lorentzian functions for two peaks (red diamonds and blue circles) are plotted as a function of 

increasing mole fraction for MeCN and MeOH (a.4 and b.4, respectively) as well as the sum of the two 



 

 

oppositely phased methyl peak amplitude (grey squares, right axis). The intensities of MeCN and MeOH 

arising from |𝜒𝑒𝑓𝑓| for a one peak Lorentzian function (purple) are plotted against the mole fraction (a.5 

and b.5, respectively). The lines for peak 1, 2, and sum amplitudes and intensities from |𝜒𝑒𝑓𝑓|  are a guide 

for the eye. 

Figures 2a.4 and 2b.4 display the respective fitted amplitudes for the two Lorentzians, as 

well as the absolute square of the sum of the oppositely phased complex Lorentzians. Although it 

is clear that two Lorentzian functions produce more accurate fits (for both MeCN/MeOH-d4 and 

MeOH/MeOH-d4), the fit results with a single Lorentzian provide similar overall trends as shown 

in Figures 2 a.4-a.5 and b.4-b.5. Figure 2a.5 is greatly in agreement with what has been reported 

previously,8 as well as with the calculations by Mountain.11 This rules out potential overfitting as 

the source of this phenomena.  

To gain further insight into the effects of local intermolecular interactions on the unusual 

Fermi resonance coupling strength observed for the methyl group in liquid methanol at the silica 

surface, samples of hydrogenated methanol in per-deuterated acetonitrile (MeCN-d3) were 

prepared at varying mole fractions. From Figure 3a, it is evident that there are significant 

differences in the SFG spectral lineshapes between the MeOH/MeCN-d3 results and the 

MeOH/MeOH-d4 measurements in Figure 2b.1. The r+
FR band for the MeOH/MeCN-d3 dilutions 

gradually increases (relatively to the r+ peak) as the bulk methanol concentration is lowered. In 

sharp contrast with the MeOH/MeOH-d4 mixtures where the r+
FR mode is significantly suppressed 

at all concentrations (Figure 2b.1). Such different r+
FR intensity dependence between the two cases 

suggests a direct link between this band and neighboring intermolecular interactions at the 

interface.51 The silica surface has no preference for either hydrogenated or deuterated methanol 

molecules, therefore both isotopologues will compete for available surface adsorption sites. 

However, methanol is known to preferentially adsorb to the silica surface over acetonitrile through 

favorable hydrogen bonding with the silica surface groups. Methanol in closest proximity to the 



 

 

silica surface forms a hydrophobic layer with terminal methyl groups pointing towards the liquid 

phase.15 Through van der Waals forces, the methyl groups of this first layer will affect the 

orientation of subsequent layers. MD studies show that this hydrophobic layer does not 

discriminate between methanol and acetonitrile in the subsequent layer, as this is dictated by 

comparable methyl-methyl interactions.12  

It is known that oppositely phased methanol in a second layer can decrease the observed r+ 

mode SFG signal for higher MeOH concentrations, however, the r+
FR band of interfacial methanol 

may also be suppressed from the destructive interference resulting from an the antiparallel 

configuration. Due to such coherent signal cancellation from oppositely phased methanol 

molecules, two Lorentzian functions for both oppositely phased r+ and corresponding r+
FR bands 

works best to accommodate a model for both methanol closest to the silica surface and methanol 

in the subsequent layer. Here, we refer to the higher-frequency r+ and r+
FR pairs from our two 

oppositely phased Lorentzian fitting as methanol closest to the silica surface, and the lower-

frequency r+ and r+
FR pair as methanol in the second sublayer. For the r+ band, these are shown as 

peak 2 and peak 1 in Figure 2, respectively. The comparison of r+ amplitudes fitted to one methyl 

and two Lorentzian functions for the MeOH/MeCN-d3 dilutions are shown in Figure S3 as a 

reference.  



 

 

 

Figure 3. vSFG spectra of methanol with deuterated acetonitrile at varying mole percent (a). Spectra are 

offset for clarity. Energy diagrams depicting the molecular coupling/de-coupling between the r+ and r+
FR 

modes at high (b) and low (c) concentrations of MeOH.  

 

It is evident that with decreasing MeOH concentrations, both dominant modes appear to 

blue shift in what looks like a solvatochromic effect induced by more MeCN molecules in the 

solvation shell (see Figure 3). For example, for bulk binary mixtures of carbon disulfide in 

benzene, a blue-shift is observed for the fundamental mode (ν1) and Fermi resonance mode (2ν2) 

of carbon disulfide with decreasing concentrations.52-54 For liquid methanol at the silica interface, 

we observed a blue-shift with decreasing MeOH concentration for the r+
FR band at 2945 cm-1 as 

well as in our Raman measurements of MeOH/MeCN-d3 as shown in Figure S4. However, the 

Raman intensity of the r+
FR mode decreases proportionally with decreasing MeOH concentration 

in the bulk measurements, whereas at the interface the vSFG intensity clearly increases as shown 

in Figure 3a. This suggests that the Fermi resonance coupling strength is not only affected by bulk 



 

 

solvation but it is uniquely sensitive to the nearby surface chemical composition as well as 

interfacial organization and local solvation environment. Figures 3b and 3c display schematic 

energy-level diagrams to visualize the changes in Fermi resonance coupling strength at high and 

low MeOH concentrations, respectively. At high MeOH concentrations, Fermi coupling in 

interfacial molecules appears to be weaker, with the r+
FR mode borrowing less intensity from the 

fundamental mode as indicated by the low Fermi signal for a MeOH/MeCN-d3 mole fraction of 

1.0. This stronger coupling is also supported by an increased frequency difference between the r+ 

and r+
FR bands from pure MeOH to the MeOH/MeCN-d3 dilutions as shown in tables S3 and S4. 

However, the splitting due to Fermi coupling is also convoluted with solvatochromic shifts in our 

study and below we describe better metrics to quantify this phenomenon.  

Recent reports have shown that the intermolecular interactions of neighboring molecules 

at the interface may be quantified by the SFG intensity ratio of the Fermi resonance and the methyl 

symmetric stretch.55-58 For instance, Tian et al., have established a method to deduce the total 

intermolecular interactions of phospholipids in a monolayer by relating it to the second-order 

Fermi resonant signal.57 A relationship between the intensity ratio, R, of the Fermi resonant mode 

and methyl stretching mode, established an effective method to relate increasing neighboring 

phospholipids interactions to the Fermi coupling strength with increasing surface pressure. Figure 

4a displays R values for MeOH/MeCN-d3 mixtures from the higher-frequency r+ and r+
FR peak 

fits using two Lorentzian functions using the calculated R values according to Eq. S2 and listed in 

Table S1. As the concentration of MeOH increases, the R value monotonically declines. This 

suggests that the intensity of the r+
FR mode of MeOH is coupled to the interactions with 

neighboring molecules at the silica surface. At the solid/liquid interface this correlation may be 

more intricate than simply a relative bulk concentration dependance for binary mixtures, as 



 

 

methanol will preferentially adsorb to the silica surface over acetonitrile, covering the surface even 

at low mole fractions.13  

Figure 4b shows the R values plotted with the mole fractions for MeOH/MeOH-d4 

mixtures using the higher-frequency r+ and r+
FR peak fits from two Lorentzian functions. No clear 

relationship between the calculated R ratio values and relative MeOH concentration is observed. 

This strongly advocates for the distinctive intermolecular interactions with the MeCN-d3 

molecules at the interface as the cause of the R value dependence in Figure 4a. The difference 

between the contrasting responses for MeOH/MeOH-d4 and MeOH/MeCN-d3 mixtures are likely 

to arise due to the unique energetic shiftings due to solvation effects at the silica interface and not 

merely a concentration effect. Interestingly, while the one peak fit results behave similarly to the 

higher-frequency trends reported in Figure 4, we determined that the R values obtained for 

methanol in the second layer (lower-frequency band in the two peak fit) do not show an evident 

relationship to the Fermi resonance coupling with respect to dilutions in either case. This indicating 

that the second methanol layer occurs mostly in MeOH patches where local intermolecular 

interactions remain distinct from regions in the second sublayer displaced by MeCN. Figures S5a 

and S5b show the calculated R values for MeOH/MeCN-d3 and MeOH/MeOH-d4 mixtures 

obtained from the lower-frequency r+ and r+
FR peak fits using two Lorentzian functions, 

respectively and the calculated R values can be found in Table S2. 

 To further deduce the Fermi resonance coupling effect observed at an interface for 

MeOH/MeCN-d3, we use the well-established two-level model in order to help quantify the effects 

of varying the methanol concentration on Fermi resonance coupling coefficient, W.42, 58-60 The 

theory for the model has been described in previous reports for liquid methanol,42, 59-60 and it is 

summarized in the supporting information along with the calculated W for various mole fractions 



 

 

using the higher-frequency (first sublayer), r+ and r+
FR  values from two Lorentzian functions listed 

in Table S1. The Fermi resonance coupling coefficient quantifies the coupling strength of two 

nearly degenerate states. Hou et al., have applied this model in order to support their results that 

the Fermi resonance mode is more suppressed at the SiO2/CH3CD2OH (W = 25 ± 2 cm-1) interface 

than for CaF2/CH3CD2OH (W = 30 ± 1 cm-1).58 Figure 4c displays our calculated Fermi resonance 

coupling coefficients plotted as a function of increasing MeOH mole fraction for MeOH/MeCN-

d3 mixtures. It can be seen that as the relative MeOH concentration rises, W decreases, supporting 

the case for the r+
FR mode being suppressed at higher MeOH concentrations. At 0.1 MeOH/MeCN-

d3 mole fraction the Fermi coupling strength is W = 46.3 ± 3.6 cm-1, whereas the Fermi coupling 

coefficient for the 1.0 MeOH mole fraction was calculated to be only 10.3 ± 9.8 cm-1. Calculated 

R and W values using one and two r+ with a single r+
FR Lorentzian function revealed comparable 

trends as shown in Figures S6 and S7, respectively, showing that these trends are not a result of 

possible overfitting. The only difference being the lower-frequency bands in the two peak model 

as discussed above. 

 



 

 

 

Figure 4. Intensity ratios (R2V2/V1) of methanol at the silica/liquid interface plotted as a function of 

increasing MeOH concentrations for binary mixtures of MeOH in MeCN-d3 (a) and MeOH in MeOH-d4 

(b). Fermi resonance coupling coefficients (W) are plotted vs. increasing methanol mole fractions for 

MeOH/MeCN-d3 on hydrophilic fused silica (c). Dashed lines are a guide for the eye. 



 

 

It is important to note that initially, we carried out both MeOH/MeOH-d4 and 

MeOH/MeCN-d3 experiments starting with 1.0 MeOH mole fraction and observed that methanol 

strongly “sticks” to the silica surface and the methyl CH stretching bands of methanol appeared 

for the last 0.0 MeOH mole fraction sample after flushing the cell several times with the 0.0 MeOH 

solution. Details of the experimental sample preparation can be found in the supporting 

information. These results are somewhat analogous to what was observed for 𝛼-pinene adsorbed 

to fused silica, where SFG signals of 𝛼-pinene vapor/He flow remained after alternating to pure 

He flow.61 Despite these surprising results from our initial trial starting with 1.0 and ending with 

0.0 MeOH mole fraction, we obtained similar trends for the r+
FR mode intensity trends, namely 

being suppressed at high MeOH concentrations and increased at lower MeOH concentrations. 

Therefore, experimental sampling order did not affect the results and conclusions presented here. 

Importantly, MeOH/D2O mixtures on hydrophilic fused silica were measured to study the effects 

of silica surface hydration on the Fermi coupling strength. Further investigation is ongoing but 

preliminary results indicate that hydration has an effect on the Fermi peak as well (Figure S8). 

 In summary, we showed that the elusive vSFG signals from methanol at the silica/liquid 

interface are exceedingly weaker than acetonitrile but are detectable with sufficient sensitivity. 

The symmetric stretch intensity trends of both MeCN/MeOH-d4 and MeOH/MeOH-d4 mixtures 

follows the trend previously reported for MeCN/H2O with increasing MeCN and MeOH 

concentrations, respectively. However, MeOH/MeCN-d3 mixtures reveal distinctive spectral 

trends, especially regarding the Fermi coupling strength of the methyl group. We conclude that the 

Fermi coupling strength is highly sensitive to the SiO2 surface composition along with local 

solvation effects which will be elaborated in a future work. The weak intensity of the r+
FR mode 

observed at higher methanol concentrations on fused silica suggests that neighboring methanol 



 

 

molecules at the interface suppress the Fermi coupling. This is supported by calculated R and W 

parameters as a function of mole fraction. The work here demonstrates the unique capabilities of 

vibrational sum frequency lineshapes to obtain insights on interfacial behavior even for extremely 

weak signals and shed light on unique phenomena at solid/liquid interfaces.  

 

SUPPORTING INFORMATION 

Detailed experimental methods, curve fittings and analysis, fused quartz substrate results, Raman 

spectra, effects of D2O exposure. 
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