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Abstract  

Carbaryl (1-naphthyl-N-methyl carbamate) is one of the most abundantly used carbamate 

pesticides and a common ground and surface water contaminant. Despite this, there is a lack of 

understanding regarding the specific interactions between this pesticide and mineral particles with 

environmental impact, including soil and dust aerosol interfaces. Here, we examine the adsorption 

of carbaryl to hydrophilic silica surfaces by applying a combination of vibrational Sum Frequency 

Generation (vSFG) spectroscopy and atomistic simulations. We find that carbaryl molecules 

readily adsorb to silica/air interfaces by hydrogen bonding interactions between the carbamate 

group (primarily the -NH terminus, secondarily the ester -C=O ester moiety) and the surface 

silanols and silenolates. On average, this results in the naphthyl aromatic ring being oriented 

roughly parallel to the surface. Our characterization of interactions of carbamate pesticides at silica 

surfaces is particularly valuable for understanding transport, stabilization, and potential 

degradation mechanisms of carbamate pesticides by interfaces during downstream processes of 

environmental relevance. 

TOC GRAPHICS 

 

 

 



 

 3 

INTRODUCTION 

 

Approximately 5.6 billion pounds of pesticides are used globally every year.1 Organonitrogen 

pesticides (ONPs) occur widely in the environment and are persistent in aquatic systems,2 

including the carbamate pesticide family of compounds which consist of esters derived from 

carbamic acid (NH2COOH), with the general formula R-NHCOO-R’. Here, we focus on carbaryl 

(Figure 1) a carbamate introduced in the late 1950s and currently the third most used home and 

garden pesticide in the United States.3 In commercial products such as Sevin and Dicarbam, 

carbaryl is extensively applied in agriculture and in commercial and household settings.3, 4 With 

increased application over the past decades, this pesticide increasingly poses environmental and 

health risks via contamination of ground and surface water. Carbaryl is reported as the second most 

frequently found insecticide in groundwaters.5 It’s presence has been detected in rain runoff  at 

1737 ppb,6 and studies have confirmed the incidence of carbaryl and/or its hydrolyzed products in 

soils at 16.3 ppm.7 

 

 
 

Figure 1. Molecular structure of carbaryl (1-naphthyl-N-methyl carbamate). Each asterisk 

represents a hydrogen atom (substituted with deuterium in the partially deuterated carbaryl-d7). 

 

Several studies have focused on the toxicity and environmental effects of the carbaryl pesticide 

family in various environmental compartments. However, a molecular level understanding of 

interactions of these pesticides at mineral surfaces remains to be established.8-11 Those interfacial 

interactions are critical for accumulation, transport, and degradation during downstream processes 

of environmental impact,12, 13 as they play an active role in the reactivity and mobility of pesticides 

in the environment.14-17 It is therefore essential to develop a fundamental, atomistic understanding 

to determine how these processes are regulated by molecule-surface interactions.18-20 Silica/quartz 
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is one of the most abundant primary minerals in most types of soils and mineral aerosols,21 

therefore it is an ideal model substrate to investigate the properties of carbaryl adsorbates. For 

instance, a recent study showed that upon solar light exposure of carbaryl on silica, among their 

soil models, the quantum yield of disappearance was about one order of magnitude higher than 

that in aqueous solution.22 

Here, we primarily focus on the interfacial structure and the surface anchoring mechanism of 

carbaryl on silica using a combination of surface-selective nonlinear vibrational spectroscopy and 

computational modeling, including molecular dynamics simulations and ab initio calculations of 

vibrational spectra. Raman and Fourier Transform Infrared (FTIR) vibrational spectroscopic 

methods have been widely applied to study pesticides in bulk solutions and films.9, 23-27 Here, we 

apply vibrational sum frequency generation (vSFG) spectroscopy, an in-situ technique particularly 

suitable for the analysis of molecules at buried interfaces and sensitive to sub-monolayer amounts 

of adsorbates.14, 16, 28-33 As a coherent non-linear spectroscopic technique, the vSFG response is 

highly sensitive to molecular orientation and ordering at the surface.34, 35 Making vSFG a powerful 

technique for obtaining detailed chemical information regarding the molecular composition, 

structure, and interactions of molecules at interfaces. As such, it has become a versatile tool for 

studies of environmental surfaces and interfaces under ambient conditions,14, 29, 36-39 and for 

revealing structure–activity relationships of surface-immobilized compounds, like antimicrobial 

coatings.40-43 

In this work, we analyze the vSFG spectra of carbaryl at air/silica interfaces by using molecular 

dynamics (MD) simulations, density functional theory (DFT) calculations, and calculations of 

vSFG spectra.44-54 The resulting analysis provides detailed structural and orientational information 

of carbaryl on the silica surface. Our spectral peak assignments and molecular orientation are 

validated by using phase-resolved vSFG measurements and simulations.55 Our findings reveal that 

carbaryl adopts a dominant conformation at the silica/air interface preferentially anchored by 

hydrogen bonding interactions between the carbamate group (primarily the -NH terminus) and the 

surface silanolates/silenols (Si–O–/Si–OH). The naphthyl aromatic ring is oriented nearly parallel 

to the surface in close contact with the silica surface. The resulting characterization level is 

particularly relevant to studies of carbamate pesticides of environmental impact focused on the 

nature of molecular stabilization by interaction with mineral surfaces and potential degradation 

mechanisms. 
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EXPERIMENTAL AND COMPUTATIONAL METHODS 

 

Sample Preparation. 1-naphthyl-N-methyl carbamate or carbaryl was purchased from Sigma-

Aldrich (≥98.0%). The pesticide was used as received and dissolved in HPLC grade acetonitrile 

(Fisher Chemical, >99.9%) to a concentration of 5.0 mM via serial dilution.  

A fused quartz microscope slide (Electron Microscopy Sciences) was carefully cleaned and dried 

before a two-drop aliquot of the 5.0 mM Carbaryl solution was deposited onto the substrate (ca. 

6.5 cm2) and homogenized via spin-coating at 3000 rpm for 30 seconds to evaporate the organic 

solvent. The resulting films exhibited good homogeneity after solvent evaporation and consistent 

vSFG results were obtained for solutions below 5.0 mM, spectral lineshape differences were 

observed for higher concentrations (see the SI). The use of spin-coating deposition with ≤5 mM 

concentration provided stable samples even for the longer acquisitions required for good signal to 

noise ratios (vide infra). Below 1.0 mM, however, the films generated very weak vSFG signals 

using this method. Besides the consistency of the films, acetonitrile was used in this work to keep 

carbaryl a neutral molecule and the silica surface unaffected after solvent exposure,14 allowing for 

direct comparison with theory. While environmentally relevant, adsorption experiments from an 

aqueous solution are out of the scope of this article and the focus of separate future work. For 

spectral assignments, we used partially deuterated carbaryl-d7 (98 atom % D) as received from 

CDN Isotopes. The carbaryl-d7 sample was prepared following the exact same sample preparation 

procedure as described above for carbaryl.  

A similar sample preparation procedure was employed for phase-resolved vSFG experiments. 

A two-drop aliquot of 1.25 mM solution of carbaryl dissolved in HPLC-grade acetonitrile was 

deposited on a freshly cleaned z-cut α-crystalline quartz window with dimensions of 12.7 x 12.7 

x 5 mm3, purchased from CASTECH INC (Fuzhou, China), via Pasteur pipette and homogenized 

via spin-coating at 3000 rpm for 30 seconds. The crystalline quartz window was cleaned by wiping 

it with a Kimwipe (Kimtech Science) soaked in methanol (HPLC grade, Fisher Chemical) 

followed by soaking it in freshly prepared NOCHROMIX (Godax Laboratories Incorporated) 

solution for 1 minute and then rinsed with copious amounts of ultrapure water. The quartz window 

was then dried under ultrapure nitrogen flow, followed by ultraviolet-ozone treatment for 1 hour. 
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VSFG Spectroscopy. In brief, vSFG is based on a second-order process where two ultrafast 

laser pulses are temporally and spatially overlapped at the sample interface to produce a third 

pulse, which oscillates with the sum frequency.30, 38, 56, 57 One of the two incident beams has 

infrared frequency (ωIR) while the other involves visible light (ωVis).  The generated signal beam 

has a frequency equal to the sum of the frequencies of the two incident pulses (ωSFG = ωIR + ωVis) 

and it is resonantly enhanced when the infrared frequency ωIR excites a vibrational mode of a 

molecule at an interface.  A lack of inversion symmetry is required for signal generation in SFG 

spectroscopy, so the technique is inherently interface selective.30, 34, 57-59 The sum frequency 

experiments were conducted using a customized broadband vSFG spectrometer,60 which has been 

previously described elsewhere.61-64  A regeneratively amplified Ti:Sapphire laser (Legend Elite 

HE+, Coherent Incorporated) produces ultrafast laser pulses (~35 fs) at a 1 kHz repetition rate and 

a center wavelength of 800 nm.  The amplifier output is subsequently split to pump an optical 

parametric amplifier (TOPAS Prime, Light Conversion) followed by a noncollinear difference 

frequency generator (NDFG) which generates tunable, mid-IR, broadband pulses with a bandwidth 

of approximately 400 cm-1 utilizing a AgGaS2 crystal.  The second portion pumps a second 

harmonic bandwidth compressor (SHBC, Light Conversion) which produces narrowband 400 nm 

light with a pulse duration of ~5 ps and a bandwidth of ~7 cm-1. The 400 nm pulse is used as a 

pump for a picosecond optical parametric amplifier (TOPAS-400-WL, Light Conversion) that 

generates continuously tunable, narrowband, visible-frequency pulses. For this study, the visible 

pulse wavelength is held at 660 nm, energetically away from any electronic resonances.  The 

visible and IR beams overlapped, spatially and temporally, at the sample surface with incidence 

angles of 45° and 70°, respectively, relative to the surface normal.  The vSFG beam was guided 

into a spectrograph (Acton SP2500, Princeton Instruments) equipped with a liquid nitrogen cooled 

CCD camera (PYL100BRX, Princeton Instruments).  Integration times for signal acquisition 

ranged from 30–90 minutes per spectrum. No sample photodegradation was observed, even after 

several hours of exposure.  We select the polarization of the SFG, visible, and IR beams to be 

either S or P polarized to probe a specific combination of tensor elements of the nonlinear 

susceptibility χ(2). A polarization combination of SSP, refers to S polarized SFG beam, S polarized 

visible, and P polarized IR, respectively. Each spectrum, as reported below, has been background 

subtracted and normalized both with respect to acquisition time and intensity of the non-resonant 

PPP SFG signal produced by a clean polycrystalline gold film under equivalent experimental 
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conditions.  The vibrational frequency axes of these spectra are calibrated utilizing spectra 

collected from the gold film after placing a polystyrene film into the path of the IR frequency 

beam. The entire optical path of the IR beam was enclosed and atmospheric absorption bands were 

minimized by flushing the housing with air from a Parker/Balston purge gas generator. 

Phase-resolved vSFG. Heterodyned vSFG enables phase sensitive measurements, including 

extraction of the real and imaginary components of the interfacial vibrational response function 

proportional to the nonlinear susceptibility χ(2). Phase-resolved measurements here are based on 

the internal heterodyne method, where a freshly cleaned z-cut α-crystalline quartz window was 

used as a substrate instead (see the SI).28, 65, 66 In summary, when the vSFG spectrum of a sample 

on the z-cut α crystal quartz surface is measured, the vSFG response has contributions from the 

bulk of the z-cut α quartz crystal (internal local oscillator) and from the molecules adsorbed on the 

quartz crystal surface. A detailed phase-resolved SFG study by Wang et. al showed the application 

of the internal-heterodyne method by utilizing the azimuthal angle phase dependence of the right-

handed z-cut α quartz crystal.65, 66 In our experiment, carbaryl 𝐼±𝑥
𝑁𝑜𝑟𝑚 SSP and PPP spectra on 

quartz were obtained at azimuthal angles of Ф=0o (+x axis) and Ф=180o (-x axis) by a 15 second 

acquisition and normalized to non-resonant response of the bare z-cut α quartz crystal under the 

+x direction (see the SI). The quartz-normalized effective imaginary susceptibility reported here 

was obtained therefore via: 

                                                           Im[𝜒𝑒𝑓𝑓
(2)

] =
𝐼+𝑥

𝑁𝑜𝑟𝑚−𝐼−𝑥
𝑁𝑜𝑟𝑚

4
                                                     (1) 

 

Molecular Dynamics (MD) Simulations. MD simulations were performed for carbaryl on a 

model slab of amorphous silica. The silica slab used is based on previous studies,53, 67 and 

corresponds to a 115×115×20 Å slab adopted from the work of Cruz et al.68 Our model of the silica 

surface had a surface Si−OH concentration of 4/nm2, within the experimental range of  2.6–

4.6/nm2.69 The exact concentration of carbaryl adsorbates onto the silica surface is not known. We 

have assumed a dilute surface concentration of 0.1/nm2 for the MD simulations. This corresponds 

to a total of 13 carbaryl molecules on the model slab of amorphous silica surface. 

The interaction parameters for the amorphous silica were taken from Ref.68 The force field 

parameters have been optimized to reproduce the water contact angle and have been successfully 

applied to simulate amorphous silica surfaces,70 quartz(1011)−water interfaces,71 and ionic 

transport in silica channels.72 The initial force field parameters for the carbaryl molecules were 
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generated via the MATCH web server,73 based on the CGenFF engine.74-76 The atomic charges 

were obtained from the fitted restricted electrostatic potential (RESP) based on DFT calculations 

at the B3LYP/6-31+G(d) level of theory.77-79 See SI for a summary of the interaction parameters.  

All MD simulations were carried out using the NAMD program.80 The carbamate molecules 

were randomly positioned on the hydroxylated surface using the Packmol package,81 and the entire 

system was minimized for 15000 steps. The whole system was then equilibrated for 100 ps before 

launching a production run of 20 ns and recording the configuration snapshots every 1 ps. 

Simulations were performed with an integration time step of 1 fs and periodic boundary conditions 

at 300 K. Intermolecular van der Waals interactions were calculated with a cutoff of 12 Å 

(switching function starting at 10 Å). Long-range electrostatic forces were calculated using the 

Particle mesh Ewald (PME) summation method. The Langevin thermostat was used to maintain a 

constant temperature in the NVT ensemble. The elementary cell extension of the system was 

115×115×115 Å where the periodicity along the z-axis was increased deliberately to create 95 Å 

of empty space above the surface. To keep the amorphous slab rigid, silica atoms were fixed at 

their minimized positions during the MD simulation. 

 

DFT Simulations. Molecular geometry optimizations at the DFT level were performed with 

the Gaussian 16 software package,82 using the B3LYP hybrid functional77 and the 6-31+G(d) basis 

set.78, 79 Harmonic frequency calculations were performed on the optimized stationary point to 

obtain frequencies, dipole and polarizability derivatives for each normal mode. An “ultrafine” 

integration grid (99 radial shells and 590 angular points per shell) was used for the frequency 

calculations to obtain accurate results. Additionally, anharmonic frequency calculations based on 

second-order perturbation theory (VPT2)83-86 were performed to obtain coupling parameters for 

the inclusion of Fermi resonances (FR). All harmonic frequencies were scaled by 0.955 to facilitate 

the comparison with experimental spectra. 

 

SFG spectra were simulated at the DFT level as has been previously described. 44-54 Briefly, 

we computed the second-order molecular hyperpolarizabilities,  

 𝛽𝛼𝛽𝛾,𝑞 ≈
𝜕𝛼𝛼𝛽

𝜕𝑄𝑞

𝜕𝜇𝛾

𝜕𝑄𝑞
     (2) 
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where 𝛼𝛼𝛽 and 𝜇𝛾 are elements of the polarizability and dipole moment in the molecular frame, 

and 𝑄𝑞 is the normal mode coordinate of the q-th vibrational mode. The hyperpolarizability was 

then rotated to the laboratory frame to obtain the second-order susceptibility,   

𝜒𝑖𝑗𝑘,𝑞
(2)

= ∑ 〈𝑅(𝜓)𝑅(𝜃)𝑅(𝜙)𝛽𝛼𝛽𝛾,𝑞〉𝛼𝛽𝛾     (3) 

where 𝑅(𝜓), 𝑅(𝜃), and 𝑅(𝜙) represent the Euler rotation matrices required to superimpose the 

axes of the molecular coordinate system with those of the macroscopic laboratory coordinate 

system.  The orientation parameters, represented by the Euler angles 𝜓, 𝜃, and 𝜑, are defined by 

the angular displacement of each axis of the molecular coordinate system from the corresponding 

axis of the laboratory coordinate system. Angular brackets in equation (3) represent averages over 

different configurations sampled from MD simulations. The SFG intensity was then computed, as 

follows:  

𝐼𝑆𝐹𝐺(𝜔𝐼𝑅) = |∑
𝜒𝑒𝑓𝑓,𝑞

(2)

𝜔𝐼𝑅−𝜔𝑞+𝑖Γ𝑞
𝑘 |

2

     (4) 

where  Γ𝑞= 15 cm-1 and the effective susceptibilities for SSP and PPP polarization are  

𝜒𝑠𝑠𝑝,𝑞
𝑒𝑓𝑓

= 𝐿𝑦𝑦𝑧𝜒𝑦𝑦𝑧,𝑞
(2)

,

𝜒𝑝𝑝𝑝,𝑞
𝑒𝑓𝑓

= 𝐿𝑧𝑥𝑥𝜒𝑧𝑥𝑥,𝑞
(2)

+ 𝐿𝑧𝑧𝑧𝜒𝑧𝑧𝑧,𝑞
(2)

− 𝐿𝑥𝑥𝑧𝜒𝑥𝑥𝑧,𝑞
(2)

− 𝐿𝑥𝑧𝑥𝜒𝑥𝑧𝑥,𝑞
(2)

   (5) 

where the 𝐿𝑖𝑗𝑘 terms are the Fresnel factors (listed in the SI) that depend on the refractive index of 

the interface as well as the incident angle of the beams.58, 87, 88 

 

 

RESULTS AND DISCUSSIONS 

 

C-H Stretching Region.  Figure 2 shows representative vSFG intensity (or homodyne-detected) 

(Figure 2A and 2B) and phase-resolved (or heterodyne-detected), vibrational spectra in the C-H 

stretching region of carbaryl at the air/quartz interface collected in-situ under ambient laboratory 

conditions (30% relative humidity) with SSP and PPP polarization combinations. Data are 

representative of independent experiments performed in triplicates with similar results. The vSFG 

selection rules require that vibrational modes must be both Raman and IR active to be observed, 

so bulk Raman and IR vibrational spectra of carbaryl are provided in the SI for reference. 
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The SSP and PPP spectral lineshapes provide essential information to elucidate the 

molecular orientation by direct comparisons to DFT simulations.30, 34, 56, 57 The SFG vibrational 

frequencies in the C-H region were obtained by performing a global fit of the SSP and PPP spectra 

assuming a Lorentzian profile for each peak (see the SI). Table 1 summarizes the fitting results 

and assignment of the major peaks indicated by arrows in Figure 2D. The vibrational mode 

assignments are supported by our DFT calculations (SI). The carbaryl C-H stretching assignments 

agree, in general, with previous vSFG studies that examined molecules with structural 

similarities.14, 31, 89-91 Spectral features become better resolved in the phase resolved spectra (2C 

and 2D) where a phase flip between symmetric and antisymmetric stretches is clearly observed.66 

 

 
Figure 2. Normalized intensity vSFG spectra in SSP (A) and PPP (B) polarization for carbaryl on 

fused quartz at the solid/air interface. Phase-resolved, quartz-normalized imaginary vSFG spectra 

for carbaryl on z-cut alpha quartz at the solid/air interface for SSP (C) and PPP (D) polarization 

combinations. The dots are raw data and the solid lines are the results of the best fits. The spectra 

are divided (as a guide-to-the-eye) into the CH3 stretching region at lower frequencies and the 

aromatic CH stretch region (shaded) at higher frequencies. The arrows in (D) represent the position 

and phase of the major resonances summarized in Table 1. 
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SSP-polarized SFG spectra probes only a single component of the nonlinear susceptibility, 

namely 𝜒⃗𝑦𝑦𝑧
(2)

. On the other hand, PPP-polarized SFG spectra probes four non-linear susceptibility 

components, namely 𝜒⃗𝑥𝑥𝑧
(2)

, 𝜒⃗𝑥𝑧𝑥
(2)

, 𝜒⃗𝑧𝑥𝑥
(2)

 and 𝜒⃗𝑧𝑧𝑧
(2)

 (see SI). For P-polarized IR, as used in the 

experiment, detection of CH stretching modes requires a dynamic transition dipole moment with 

a component along the surface normal in order to be active.89 It is important to note that the band 

at ~3055 cm-1 dominates the SSP spectrum but its intensity in the PPP spectrum is very weak. We 

assign this band to the aromatic C-H stretching vibration, and to confirm this, Figure 3 compares 

intensity vSFG spectra of carbaryl and partially deuterated carbaryl-d7 (Figure 1). Unsurprisingly, 

this peak vanishes in the partially deuterated carbaryl-d7 SFG spectrum due to the absence of C-

H aromatic contributions, in direct agreement with the spectral assignment and ruling out NH 

vibrational modes or high frequency methyl antisymmetric stretches. This dominant SSP 

contribution of carbaryl at ~3055 cm-1, is also in agreement with the sharp resonance observed at 

3057 cm−1 in vSFG studies of naphatalene films.92, 93 The unique relative polarization-dependent 

intensity of the C-H stretching aromatic band in the carbaryl spectrum will be used to determine 

the orientation of the carbaryl naphthyl ring at the air/solid interface. 

Another notable spectral feature includes the peak around 2930-2945 cm-1, which we have 

assigned as a Fermi resonance. That band arises from the coupling between the CH3 symmetric 

stretch fundamental (seen at 2870 cm-1) and the CH3 symmetric bending overtone, as discussed in 

earlier SFG studies.31, 33, 58, 59, 94-96  

 

Table 1. Table summarizing the results of fits to the intensity vSFG spectra of carbaryl on fused 

quartz at the solid/air interface (SS = Symmetric Stretch; AS = Antisymmetric Stretch). 

 
Vibrational Frequency (cm-1) Vibrational Mode Assignment 

Phase-resolved SFG 

2870.70 +/- 0.20 -N-CH3 (SS) 

2936.26 +/- 0.20 Fermi Resonance 

2975.72 +/- 5.62; 3008.26 +/- 3.56 -N-CH3 (AS) 

3061.74 +/- 1.88; 3063.8 +/- 1.11  Aromatic C-H 

Homodyne SFG 

2878.94 +/- 0.27 -N-CH3 (SS) 

2937.30 +/- 0.32 Fermi Resonance 

2984.55 +/- 0.43 -N-CH3 (AS) 

3055.08 +/- 6.59; 3056.40 +/- 4.43 Aromatic C-H  
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Figure 3. Homodyne-detected SFG vibrational spectra of carbaryl (red) and carbaryl-d7 (purple) 

on quartz at the solid/air interface. The non-vanishing contributions in carbaryl-d7 (purple) above 

3000 cm-1 is attributed to small contributions from the higher energy antisymmetric stretch and an 

overtone of the carbon-carbon symmetric stretch as reported in ref.92 

 

O-H/N-H Stretching Region. Figure 4 shows representative spectra of the homodyne-

detected vSFG experiments corresponding to the N-H/O-H stretching region, including both the 

bare silica substrate and the silica substrate coated with the pesticide. These experiments allow for 

further characterization of the binding interactions between carbaryl and the silica substrate 

through simultaneous detection of the O-H stretch of the silanol groups (≡SiO-H) and the N-H 

stretch of the pesticide carbamate group. 

 
 

Figure 4. Representative spectra of bare silica and silica coated with carbaryl at the silica/air 

interface (A). The area inside the dashed rectangle in (A) is expanded (red markers) and fitted 

(solid line) in (B) to the three Lorentzians shown in (C) as discussed in the text. 
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The SFG vibrational spectra observed in the O-H/N-H stretching region reveals that the free 

O-H stretching from the silanol groups on the silica surface at 3740 cm-1 is the predominant 

contribution to the bare quartz spectrum and is close to the 3750 cm-1 band assigned to the OH 

stretch of isolated silanols vibrating at the silica/air interface.14, 97, 98 This sharp band is greatly 

suppressed with the increase surface coverage of the pesticide, similar to reports of hexane vapor,99 

atrazine, and ethylenediamine.14, 91 The broad O-H stretching feature centered ~3500 cm-1 is 

consistent with a relatively large number of hydrogen bonded silanols at the solid/air interface.69, 

97, 98 Alternatively, it is possible that it could originate from loosely hydrogen-bonded water on the 

surface.100   

After deposition, spectral features emerge in the 3300-3450 cm-1 region. We attribute these 

bands to the carbamate group N-H stretching since typical peptide NH stretch are reported in this 

region.101-103 After spectral fitting to three Lorentzians according to Equation 4, we find a clearly 

resolved narrow peak at 3449 cm-1 that we tentatively assign as the “free” NH stretch and a broader 

dominant peak at 3328 cm-1 that we tentatively assign as hydrogen bonded NH groups.104, 105 The 

two peaks are clearly of opposite phase and interfere with the very broad OH band centered ~3460 

cm-1 (Figure 4C). It is important to note that the fitting yields only relative phase and not the 

absolute phase as in a heterodyned measurement. Another possible assignment may be overtones 

of the C=O stretching bands (vide infra) but they are expected to be much weaker contributions. 

The suppression of the silanol signals and the appearance of a carbaryl-based stretching bands 

suggests that carbaryl is physisorbed to silanol groups (and/or surface water). The role of 

hydrogen-bonding interactions between carbaryl NH group and the surface silanol/silanolates is 

proposed as follows: ≡SiOH⋯NHR’COOR ⇔ ≡SiO−⋯HN+HR’COOR; or ≡SiO−⋯HNR’COOR 

for silanols and silenolate groups, respectively. Siloxane bridges (Si–O–Si) may also act as a weak 

H-bond acceptors.99 

 

C=O Stretching Region. Figure 5 shows the spectra of carbaryl on silica in the C=O 

vibrational region with typical absorption in the 1600–1700 cm-1 range due to the carbamate ester 

group (O–C=O). For ester carbonyls, red shifted C=O bands are commonly attributed to stronger 

hydrogen bonding interactions.106 Here, two dominant peaks with opposite phases are observed at 

1699 and 1728 cm-1 as determined by the fitting of the experimental vSFG spectrum (Figure 5).  
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Figure 5. Representative CO vSFG spectra of carbaryl at the silica/air interface (top). The dots are 

the experimental data and the solid lines are the best fit results. The individual Lorentzians used in 

the fit are shown in the lower panel.  Main spectral differences are due in part to a sign flip in the 

non-resonant response.   

 

The higher frequency peak located at 1728 cm-1 could be assigned to a free C=O group not 

involved in hydrogen bonding with the N-H moiety serving as the anchor of the carbaryl adsorbate 

to silica as described above. The lower frequency peak at 1699 cm-1 is opposite in phase and 

suggests hydrogen bonding of the ester C=O groups to the silica O–H groups as 

≡SiOH⋯OCORNHR’. We note that these two modes of binding are complementary to the amide 

NH stretch region (>3300 cm-1). Both C=O and O-H/N–H bands are used to complement the 

results with the C–H stretching region by providing a full picture of intermolecular interactions at 

the interface.  

MD Simulations.  Figure 6C shows the joint probability distribution of orientations of the 

carbaryl molecule on amorphous silica, as described by molecular dynamics simulations (see SI 

for simulation details), as a function of the Euler tilt and twist angles, 𝜃 and 𝜓, respectively. Note 



 

 15 

that the orientation of the naphthyl ring with respect to the surface can be described in terms of 𝜃 

and 𝜓 angles due to the planarity and rigidity of the carbaryl ring, defining the molecular 

orientation with respect to the laboratory frame (Figure 6A). 

  

 
 

  

 

Figure 6. Carbaryl orientation on amorphous silica. (A) Definition of the molecular frame (a,b,c 

axis) and Euler tilt and twist angles (𝜃, 𝜓) used to characterize the orientation of the carbaryl’s 

aromatic ring relative to the silica surface. Axes X,Y,Z represent the fixed laboratory frame on the 

silica surface, with Z normal to the interface. (B) Definition of the bond vectors and angles with 

respect to the surface normal, used to characterize the orientation of the carbamate group of 

carbaryl on silica. (C) Joint probability density 𝑃(𝜃, 𝜓) of finding the carbaryl molecule with Euler 

angles 𝜃 and 𝜓, normalized over its maximum 𝑃𝑚𝑎𝑥. (D) Probability density distribution of finding 

a carbaryl molecule with bond vector angles cos() with respect to the surface normal. Dashed 

lines correspond to an isotropic distribution of the angles. 

 

The naphthyl distribution 𝑃(𝜃, 𝜓) in Figure 6C is characterized by broad and non-Gaussian 

distribution, peaked at (86°, −15°), which correspond to the naphthyl aromatic ring oriented 

roughly parallel to the surface (Figure 7 shows representative configurations). We remark that an 

orientation with (0°, 0°) and (0°, ±180°) correspond to perfectly flat-lying aromatic ring with 

either one side or the other of the in contact with the surface. Note, however, that the naphthyl ring 

presents a broad distribution, spanning a range of configurations that represent non-flat 
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orientations (e.g., 𝜓 = ±30°), reflecting the heterogeneity of the amorphous silica surface. The 

analysis of individual configurations along the MD trajectories shows that carbaryl molecules are 

kinetically trapped and do not sample the full range of possible orientations –i.e., molecules 

starting on orientations with 𝜓 ≈ 0° rarely convert to orientations with  𝜓 ≈ ±180° and vice-versa 

(see SI), suggesting that interfacial interactions strongly stabilize the carbaryl on the silica surface 

(see below). However, each carbaryl molecule freely explore conformations involving both flat 

and non-flat orientations of the naphthyl ring on the picosecond time scale.  

The joint probability distribution of Euler angles provides valuable information on the 

orientation of the aromatic ring but does not resolve the orientation of the flexible carbamate group, 

which can adopt a variety of conformations and orientations with respect to the aromatic ring. 

Therefore, we computed the angle between the surface normal and the carbonyl C=O bond vector 

(𝛼𝐶𝑂) and N-CH3 bond vector (𝛼𝑁𝐶) to characterize the orientation of the carbamate group with 

respect to the interface (Figure 6B).  

 

 

Figure 7. Typical configurations of the carbaryl molecule on the silica surface. Anchoring occurs 

primarily via hydrogen bonding interactions (black dot lines) between the surface silanols of the 

silica and the N-H/CO bond of the carbamate group within the pesticide. Orientations of the 

aromatic ring and CO and NC bonds of the pesticide with respect to the surface normal are 

indicated. 

 

Figure 6D shows the probability distribution of the (cosine) angle between the CO and N-CH3 

bond vectors.  The angle distributions are broad and non-Gaussian, highlighting the heterogeneity 

of the amorphous silica surface. The N-CH3 group is characterized by a broad range of orientations, 

mostly spanning the 60–90 range with an average angle of ca. 85 (〈cos(𝛼𝑁𝐶)〉 = 0.1). 

Correlated with this observation, the carbonyl distribution shows a localized peak at 𝛼𝐶𝑂 < 60°, 
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corresponding to a population of ca. 70% of molecules with the CO group pointing away from the 

surface and the NH group pointing toward the surface (Figure 7, left and center). Analysis of the 

long tail of the carbonyl distribution also reveals ca. 20% of configurations with the CO pointing 

into the surface with 𝛼𝐶𝑂 > 120° (Figure 7, right). Representative snapshots from the molecular 

dynamic simulations reveal that H-bonding interactions with Si-OH groups on the silica surface 

stabilize those conformations, providing NH--O and OH--O anchoring groups for the carbaryl 

adsorbate (Figure 7). The analysis of the time-dependent evolution of the angles along the MD 

trajectories provides a dynamical picture of these H-bonding interactions (see SI). Interestingly, 

the carbaryl molecules explore the rough silica surface with no preferential orientation until an 

energetically favorable anchoring site is found that tightly binds the pesticide to the interface. The 

picture that emerges from the MD analysis suggests that carbaryl interacts with the silica surface 

primarily through the formation of hydrogen bonds between the O-H bond of the silanol groups 

and the NH/CO bond of the carbamate group with dominant configurations having the aromatic 

ring of the pesticide oriented roughly parallel to the silica surface and preferentially with the NH 

group pointing toward the surface. 

SFG Simulations. Figure 8 shows the calculated SSP and PPP vSFG spectra obtained from the 

configurations of the MD simulations. SFG spectra were simulated at the DFT level as has been 

previously described (see SI for simulation details). 44-54 The SSP spectrum is characterized by 

three peaks corresponding to the CH3(s) at ~2860 cm-1, CH3(FR) at 2960 cm-1 and aromatic ring 

C-H stretchings at ~3060 cm-1, in excellent agreement with the experimental data. Upon PPP light 

polarization, the intensity of the symmetric CH3 and high frequency aromatic signals diminish 

while the peaks corresponding to the antisymmetric CH3 stretching at 2977 cm-1 dominate the 

spectra, in agreement with experimental observations. Therefore, the overall agreement between 

theory and experiments is quite satisfactory, supporting the predicted distribution of orientations 

of the carbaryl adsorbate on the silica surface.  

 A more detailed analysis of the SFG spectra reveals additional insights. First, we remark 

that the inclusion of Fermi resonances in the description of the spectra (which we include via an 

effective coupling Hamiltonian) is crucial to reproduce the experimental spectra (see Figure S8). 

In effect, SFG spectra computed at the harmonic level is not able to reproduce the low frequency 

peak. Second, giving the broad non-gaussian distributions of conformations that the carbamate 

group can adopt, we found that a single orientation is not sufficient for quantitative modeling of 
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the experimental spectrum. In effect, in Figure 9 we present the calculated SSP and PPP vSFG 

spectra for two configurations representative of the ‘up’ and ‘down’ conformations that carbaryl 

adopt on the silica surface. Note that conformations for which the NH group is pointing toward or 

away from the surface give rise to SFG responses with different phases that, given the coherent 

nature of SFG spectroscopy, interfere to produce the final measured signal. Moreover, both SSP 

and PPP SFG signals are extremely sensible to the exact orientation of the ring with respect to the 

silica surface (see Figure S9). As such, the overall SFG signal results from a subtle phase 

cancelation that results from the Boltzmann average of configurations.  

 
Figure 8. DFT-based SFG spectra of carbaryl on silica surface with SSP polarization and PPP 

polarization. 
 

 

 

 

 

 



 

 19 

 

 

 

Figure 9. DFT-simulated SFG spectra of carbaryl with SSP (left) and PPP (right) polarization for 

specific orientations. Schematics of the orientations are shown on the right.  

 

 

CONCLUSIONS 

 

In summary, we have characterized the specific interactions responsible for the adsorption of 

carbaryl to silica surfaces.  The carbaryl/silica interfacial system serves as a model for a variety of 

pesticides of environmental concern for which the interactions with silica surfaces remain to be 

understood at the molecular level. Carbaryl, as well as other carbamate pesticides, are ubiquitously 

employed in both private and commercial agriculture, and frequently interact with silica-rich 

media, such as soil particles and dust aerosols to produce a wide range of toxic substances. We 

have shown that vSFG in conjunction with computational modeling can provide a consistent 

characterization of the interfacial structure and binding motifs of carbaryl adsorbed on amorphous 

silica.  We found evidence that carbaryl binds to silica surfaces primarily via hydrogen bonding 

interactions between the pesticide N-H/CO groups and the silanols of the silica surface. The 

distribution of configurations with the naphthyl group rougly parallel to the surface has been 

supported by both the molecular orientation derived from theoretical and SFG-VS data observed 

in the C-H stretching region, and directly observed in the SFG vibrational spectra collected in the 

N-H/C-O stretching region. The resulting insights are particularly valuable to better understand 

surface reactions of carbaryl pollutants under environmental conditions. In addition to providing 

θ = 95° , ψ = 160°
α = 21° , α = 55°

θ = 95° , ψ = −165°
α = 148° , α = 135°
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insights into an environmentally relevant system, our study demonstrates the effectiveness of a 

combined experimental and theoretical methodology which could be employed, more broadly, in 

the study of interactions between contaminants and diverse environmental surfaces. 
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