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Abstract

In vibrational studies of biological systems, D2O is often substituted forH2O in order tomore

clearly resolve the amide I and C–H stretching regions. However, in interfacial studies where

adsorption is involved, the difference between these two solvents may play a role in the amount

adsorbed and, consequently, the adsorbed structure. Nonlinear vibrational spectroscopy reveals

striking differences in the spectral signature of the hydrophobic amino acid leucine adsorbed

on polystyrene in the presence of light vs heavy water. Dissipation-monitoring quartz crystal

microbalance studies conclude that more amino acid is present on the hydrophobic surface

when the solvent is D2O, and the relative surface populations account for the difference in

spectral intensity. This finding has consequence for surface structural studies, and provides

insight into the role of solvent in biomolecular adsorption at hydrophobic surfaces.
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Introduction

An understanding of the interaction of molecules in solution with hydrophobic surfaces is of

fundamental importance to the enhanced biocompatibility ofmaterials used formedical implants,1–3

bio-separation and purification technologies,4–9 and the development of biosensors.10–12 The

adsorption of proteins onto polymers is amulti-faceted phenomenon that is governed by the chemical

composition and solution structure of the protein, the nature of the polymer substrate, temperature,

pH, and the presence of other solutes. One of the challenges associated with characterizing

adsorption at solid–liquid interfaces is achieving sufficient specificity for the surface in the presence

of the adjacent bulk substrate and solution phases. In recent years, visible-infrared sum-frequency

generation (SFG) spectroscopy has emerged as a premier technique for studying the structure

of adsorbed molecules.13–15 It is particularly attractive for probing the interface between two

centrosymmetric media, such as the solution–isotropic solid interface.16–18 This is because, under

the electric dipole approximation, the second-order nonlinear susceptibility, χ(2), equals zero in the

bulk phases, but is non-zero at the interface where the symmetry is broken. In the case of molecules

at interfaces, the requirement that χ(2) , 0 necessitates that they be oriented in a polar manner.

As a consequence, molecules can be situated very near the interface but, if they are not adsorbed,

they will not be oriented and therefore remain undetected by SFG. In contrast to evanescent-wave

techniques such as ATR-IR, or bulk spectroscopic probes that require grazing angles to achieve

surface-specificity, SFG spectroscopy provides an exquisite sensitivity to the interface since it

is the symmetry of the molecular environment that governs its response. These measurements,

together with associated modeling techniques, provide a feature-rich description of the structure of

molecules adsorbed on surfaces.19–21

There has been considerable development in the quantitative analysis of SFG spectra to reveal the

orientation and orientational distribution of interfacial molecules.22However, it is often challenging

to separate effects arising from the number of molecules at the interface from those due to the

arrangement of the molecules. For example, decreasing the number of molecules, or reducing

their polar order parameter will both result in a decrease in χ(2) and therefore a reduction in SFG
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intensity. Thus, a complementary technique is needed to attribute changes in signal intensity

to either alignment or population differences. The quartz crystal microbalance with dissipation

monitoring (QCM-D) is a high-resolution mass-sensing technique. A QCM sensor oscillates at

a specific frequency when a voltage is applied, which is directly related to the mass of adsorbed

molecules, according to the Sauerbrey relation.23 For rigid films in a vacuum, the Sauerbrey

equation is sufficient to relate such changes in frequency to the mass of the adsorbed layer;

However, it fails for soft, viscoelastic films or under liquid conditions. In these cases, another

model, such as the Voigt model, must be used. In addition to measuring frequency changes,

QCM-D instruments can also measure dissipation, or energy loss in the film, which is related to the

viscosity and elasticity of the molecular layer.23 By measuring both the frequency and dissipation

shifts for several harmonics, the Voigt model can be applied in order to obtain the absorbed mass

and viscoelastic properties of the film.24 Within the last decade, QCM-D has become integral to

studying molecular systems at solid-liquid interfaces, including the adhesion of complex polymer

and biochemical systems.25,26 In recent years, its capabilities have been combined with optical

techniques such as ellipsometry,27,28 IR absorption,29,30 and SFG spectroscopy.31–35

Substitution of D2O for H2O as a solvent is commonly used for investigations of biological

systems by magnetic resonance because of their nuclear spin differences,36 and by IR absorbance

and other vibrational techniques in order to eliminate interferences in the C–H stretching region.

In protein studies, D2O is preferentially used as a solvent so that the backbone amide I stretching

modes of the protein can be studied without interference from H2O bending modes.37 The greater

strength of the O-D–O bond in D2O than the corresponding hydrogen bond in water38 results

in greater structural ordering of D2O..36 This is significant as the formation and disruption of

both intra- and intermolecular hydrogen bonds governs protein dynamics, which in turn dictates

the structure of proteins in solution. A stronger hydrogen bond would increase solvent-solvent

interactions, but would decrease the ability of the solvent to interact with hydrophilic regions

on the protein. Proteins in D2O also adopt a compressed, less flexible structure and therefore

have a greater entropy and enthalpy of unfolding.36,39 This can be attributed to the less effective
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solvation of hydrophobic groups at the protein surface, resulting in reduced solvent exposure of

these hydrophobic regions.38 Many studies have demonstrated that even small changes in the

nature of the solvent, such as an H to D substitution, have significant effects on the stability and

thermodynamic behaviour of proteins.38–40 As a result, it is critical to understand not only the

consequences of such a substitution on peptide and protein solvation and stability, but also its

effects on their adsorption capabilities and structure at interfaces. The combination of hydrophobic

surface and hydrophobic side chain was chosen here due to the greater perturbation of interfacial

water structure at hydrophobic surfaces.41,42 Moreover, for such a system, the major driving force

for adsorption is the hydrophobic interactions between them, while electrostatic interactions with

the surface become negligible. By investigating adsorption of an amino acid, the effects of isotopic

solvent substitution are expected to be more pronounced since small, zwitterionic species adsorb

to hydrophobic surfaces to a lesser extent than large, soft proteins. Leucine is an ideal choice for

this study as it is small, has a hydrophobic side chain, is zwitterionic, and there are numerous

experimental21,33,43–48 and modelling20,49–52 studies involving leucine adsorption to hydrophobic

surfaces, either as an indiviual amino acid, or a component of a short synthetic peptide. We

use a combination of QCM-D and vibrational SFG measurements to study leucine adsorption

onto polystyrene surfaces from solutions of H2O and D2O. We will illustrate that the ratio of

adsorbed masses from the two solvents, obtained through Voigt modeling of the frequency and

dissipation shift data, accounts for the marked difference in SFG spectra recorded for leucine at

polystyrene–water and polystyrene–D2O interfaces.

Methods

Quartz crystal microbalance with dissipation monitoring. The quartz crystal microbalance

(QCM) measures changes in an oscillating quartz crystal resonant frequency when an AC voltage

is applied (Fig. 1a). For rigid films, the Sauerbrey relation may be used to directly relate frequency

changes to the mass of the adsorbed layer. However, for viscoelastic deposition in liquids, i.e the
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adhesion of soft films, the resonant frequency of the crystal is altered by acoustic-fluid damping of

the viscoelastic medium.53 As a result, the shear wave decays very rapidly and the QCMprobes only

objects that are within a micron of the crystal surface, making it a surface-sensitive technique. Due

to energy losses from the shear wavewhen travelling through less rigid adsorbed films, large changes

in dissipation and resonant resistance also arise. Combining frequency shift measurements with

changes in the dissipation factor have been termed QCM with dissipation (QCM-D). As a result,

in addition to detecting mass changes, QCM-D sensors provide information about interactions

with soft matter, in which changes in the density and viscoelastic properties of the film can be

determined. When using QCM-D under liquid conditions, the density and viscosity of the solution,

together with the softness of the adsorbed film, cause significant energy losses that must be taken

into account.

Figure 1: (a) QCM-D experiment with polystyrene-coated sensor surfaces next to leucine solutions.
(b) SFG experimental geometry illustrating a p-polarized IR beam and s-polarized visible beam
approaching an aqueous solution from within a polymer film. In the illustrated configuration, the
s-component of the reflected SFG beam is detected, and recorded as a function of the incident IR
energy.

In a damped environment, the Sauerbrey equation underestimates the adsorbed mass from the

measured frequency shift.54 As a result, the frequency changes alone are rarely able to characterize

the entire system. With access to both the frequency shift ∆ fn and the dissipation shift ∆Dn for

multiple harmonics n in a QCM-D experiment, models such as Kevin-Voigt may be applied to

characterize the viscoelastic parameters and provide a more accurate adsorbed mass.23,24,55 When

the viscoelastic layer is thin and the oscillator is immersed in the leucine solution, the frequency
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and dissipation shifts are approximately given by

∆ f soln
n ≈ −

1
2πρ0h0

[
η2
δ2
+ h1ρ1nω0 − 2h1

(
η2
δ2

)2 η1n2ω2
0

µ2
1 + (nω0η1)2

]
(1a)

∆Dsoln
n ≈

1
πn f0ρ0h0

[
η2
δ2
+ 2h1

(
η2
δ2

)2
µ1nω0

µ2
1 + (nω0η1)2

]
(1b)

where the acoustic wave penetration depth is

δ2 =

√
2η2
ρ2nω0

. (2)

In the above equations, f0 ≈ 5MHz is the fundamental vibration frequency of the crystal,ω0 = 2π f0,

and n is the harmonic number. ρ0 = 2148 kg/m3 is the density of the quartz crystal, ρ1 is the

density of the adsorbed layer, and ρ2 is the density of the leucine solution. The viscosities of the

layer and solvent are given by η1 and η2, respectively. The adsorbed layer of thickness h1 has a

shear elastic modulus µ1.

In typical QCM-D experiments, the frequency and dissipation changes resulting from adsorption

of a solute in dilute solution are compared to the values measured in the absense of the solute (pure

solvent or buffer). In such cases, Eq. 1 is simplified in practice since the shifts can be measured

with respect to the solvent baseline, and all subsequent changes in ∆ f and ∆D may be attributed

to adsorption. In other words, in the limit of infinite dilution, the bulk solute and reference solvent

have the same effect on the sensor surface. In our experiment, however, we are dealing with

concentrated solutions and so the analysis is not as straightfoward since the reference solvent and

bulk solution do not result in the same measured shifts prior to adsorption. We therefore perform

an initial measurement with either pure water or pure D2O, where the frequency and dissipation
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factor shifts (with respect to air) are given by

∆ f solvent
n ≈ −

1
2πρ0h0

η2
δ2

(3a)

∆Dsolvent
n ≈

1
πn f0ρ0h0

η2
δ2
. (3b)

The subscript 2 now refers to the water or D2O in the absence of any leucine. Our reported data,

and subsequent modelling of the viscoelastic properties of the adsorbed layer, is then represented

by

∆ fn = ∆ f soln
n − ∆ f solvent

n (4a)

∆Dn = ∆Dsoln
n − ∆Dsolvent

n . (4b)

Nonlinear vibrational spectroscopy. In visible-infrared sum-frequency generation (SFG)

experiments, a high intensity visible and infrared laser are spatially- and temporally-overlapped

at the interface of interest (Fig. 1b). In the electric dipole approximation, molecules in non-

centrosymmetric environments (substrate surface, adsorbates, and aligned interfacial water) con-

tribute to χ(2) and one measures

ISFG ∝
ω2

SFG
nSFGnvisnIR cos2 θSFG

���(Lyyey)SFGχ
(2)
yyz(Lyyey)vis(Lzzez)IR

���2 IvisIIR (5)

where Ii are the intensities of the detected SFG beam, and the input visible and IR pump beams,

ωSFG = ωvis + ωIR, ni are the refractive indices of the incident medium, and θSFG is the angle of

the reflected SFG beam. In our experiment, we apply s-polarized visible and p-polarized infrared

beams, and detect the s-polarized component of the SFG. As shown in Eq. 5, this is a measure of

χ
(2)
yyz. In this work, it is particularly important to consider not the incident but the surface fields
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obtained from

Lyy,SFG = 1 + rs,SFG (6a)

Lyy,vis = 1 + rs,vis (6b)

Lzz,IR = 1 + rp,IR (6c)

where rs and rp are the conventional s- and p-polarized Fresnel reflection coefficients, and the

unit polarization vectors ey,SFG = ey,vis = 1, ez,IR = sin θIR. As rs and rp are functions of the

refractive index, their dispersion must be taken into account. Literature refractive index data for

polystryene,56 CaF2,57 H2O,58 and D2O59 were used for this calculation. The real and imaginary

components of the water and D2O refractive index are plotted in Fig. 2a and b. As Eq. 5 indicates,

the relevant correction involves the square of the product of the local field factors, as plotted in

Fig. 2c. The spectra we present are corrected for these factors, which can vary considerably between

the two solvents according to the wavelengths, polarization of the fields, and beam angles. Our

results are therefore proportional to |χ(2)(ωIR)|
2, as the other factors that depend on ωIR have been

removed and we are directly comparing the water and D2O |χ(2)yyz |
2 spectra. These factors are highly

sensitive to the polarization of the beams, and the angle of the incident fields. For our experimental

geometry, Fig. 2 illustrates that the relative correction is in the range 0.5–1.5, and has a significant

frequency dependence.

Samplepreparation andmeasurements. QCM-Dexperimentswere performedwith temperature-

controlled sensor chambers (Q-Sense, Gothenburg, Sweden) and a peristaltic pump, in order to

maintain a constant temperature of 23 ± 0.02◦C and 0.1 mL/min flow rate. Polystyrene-coated

quartz crystal sensors of 0.3 mm thickness and 14 mm diameter were initially cleaned by rinsing

and soakingwith water, rinsingwith ethanol, and then dried under nitrogen. The pure solvents (H2O

and D2O) were pumped through until each liquid filled the chamber, and then resonant frequencies

of the fundamental and harmonics were measured in the presence of the solvent. Once a baseline

was established after approximately 30 min, an unbuffered 0.17 M solution of L-leucine (Sigma
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Figure 2: (a) Real part of the water (blue) and D2O (red) refractive index, (b) imaginary part of
the refractive indices, (c) corresponding local field correction to the SFG intensity, (d) ratio of the
D2O/H2O corrections.
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Aldrich, Oakville, ON) in 18.2 MΩ·cm H2O or D2O (Sigma Aldrich) was flowed through the

chamber. Frequency and dissipation versus time curves were collected. After ∆ fn and ∆Dn reached

a stationary state, pure solvent was used as a rinse to remove any leucine adhered reversibly to the

sensor surface. The sensor chamber and pump tubes were cleaned between replicate experiments by

pumping a 2% Hellmanex solution (Sigma-Aldrich Z805939) for 15 min, followed by 18.2 MΩ·cm

H2O for 15 min.

Surfaces for SFG spectroscopywere prepared by spin-coating a 2%w/w solution of polystyrene-

d8 in deuterated toluene onto CaF2 dove prisms (Del Mar Photonics, CA) at 2000 rpm, and then

annealing at 100◦C for 1 h. The deuterated polymer enables leucine methylene vibrations to be

observed. Although protonated polystyrene was used in the QCM-D study, previous accounts

of organic molecules on polystyrene surfaces have found the adsorbed structure to be the same

regardless of whether the polystyrene substrate was deuterated or protonated.60,61 Leucine was

dissolved in either 18.2MΩ·cmwater or D2O (SigmaAldrich) to achieve a concentration of 0.17M,

and introduced into a custom teflon sample cell.18 This was the mininum concentration at which

C-H stretching modes could be observed clearly in water. Details of the experimental configuration

have been described previously.18 In brief, a 25 ps Nd:YAG laser (Ekpla PL2241A) was used

to create the 532 nm visible pump beam, and 2800–3600 cm−1 tuneable IR pump beam through

parametric generation (Ekspla PG501). The visible beam was incident onto the polystyrene-coated

CaF2 prism at 70◦ with a beam size of 1 mm and a pulse energy of 110 µJ. The infrared beam was

incident at 75◦, focused to 0.5 mm diameter, 200 µJ/pulse. Spectra were collected by measuring

the SFG intensity with a gated PMT (Hamamatsu R7899) at each IR frequency in steps of 2 cm−1

in the 2800–3000 cm−1 range, and 5 cm−1 in the 3000–3600 cm−1 region, averaging 100 pulses at

each IR step.
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Results and Discussion

QCM-D

Fitting the QCM-D data. Fig. 3 illustrates the frequency (∆ fn/n) and dissipation (∆Dn) shifts

after pure D2O and H2O were replaced with heavy and light leucine-water solutions. (Note that we

are following the convention that this normalization to the harmonic number n is explicit for ∆ f ,

but implicit for ∆D based on the expressions as they appear in Eq. 1.) Data for the fundamental

(n = 1) are not used as a result of mounting stress effects, as is typical for QCM experiments. The

penetration depth of the acoustic wave at each frequency varies as a result of the bulk density and

viscosity changes going from H2O and D2O to leucine solutions, as well as any adsorbed, solvent-

associated leucine molecules that couple to the polystyrene surface and dampen the oscillation.

Lower harmonics have a greater penetration depth than higher harmonics, as indicated by Eq. 2.

We should clarify that the time dependence of these signals, of central interest to most QCM-D

studies, has no significance for us. This is because the adsorption is faster than the mixing time in

the pump chamber. Any apparent changes in ∆ f and ∆D with time are largely due to the difference

in bulk liquid properties as the pure solvent is replaced with solution inside the chamber. Using

code developed in-house, data for the six harmonics were fit to Eq. 4 to extract the adsorbed layer

thickness h1, shear viscosity η1, and shear elastic modulus µ1. To account for changes in the bulk

liquid properties as a result of the relatively high concentration of the leucine solution, the bulk

viscosity of the leucine-H2O and leucine-D2O solutions were also fit using our measured bulk

solution densities of ρ2 = 999.2 kg/m3 and 1108 kg/m3 respectively. These values were obtained

by weighing solutions of known concentration prepared in volumetric flasks.

The difference between the calculated (solid circles in Fig. 3) and experimental values (open

circles in Fig. 3) was minimized using a truncated Newton’s method.62 Resulting parameters are

shown in Table 1. One notices that the layer viscosities, in both H2O and D2O, are similar to that

of the bulk solutions, indicating that the adsorbed layer is liquid-like. The loss tangent ωη/µ was

calculated to be ≈ 1.5 for H2O and ≈ 2 for D2O, at the fundamental frequency ω. These values are

12
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Figure 3: (a)-(c) Measured equilibrium frequency shifts, normalized to the harmonic n, on
polystyrene-coated quartz sensors when the environment is changed from H2O to a 0.17 M solution
of leucine in H2O (blue traces and open circles in (c)), and fromD2O to a 0.17M solution of leucine
in D2O (red traces and open circles in (c)). (d)-(f) Simultaneously measured shift in dissipation
factor. In all cases, filled circles are the result of fitting to the model in Eq. 4. Error bars indicate
one standard deviation.

in the range of what has been reported for adsorption of other species from aqueous solutions,63,64

including the similarity between the values in the two solvents.63

Implication for surface coverage. The values returned by the fitting also enable us to calculate

the adsorbed mass of the leucine layer in H2O as 153 ± 28 ng/cm2, and 339 ± 58 ng/cm2 in

D2O. We can provide some further insight into these values by considering how they translate into

surface coverage. It has been shown that leucine prefers to adopt a standing conformation at the

polystyrene-water interface, rather than one lying flat on the surface.21 This is because a standing

conformation minimizes interactions between the hydrophobic alkyl groups and the hydrophilic,

charged amino and ester moieties. Moreover, the alkyl groups are able to occupy regions of lower
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solvent density nearer the surface, while allowing the zwitterionic portion of the amino acid to be

more solvated by the bulk solution. This effect would be enhanced in D2O since there would be

a greater energetic penalty for disrupting the O–D bonding network; thus, the leucine molecules

would be more inclined to orient in a standing conformation near the surface, leading to greater

adsorption at the interface. Taking this proposed geometry into account from the structures in

the simulations,21 we assume an elliptical footprint with major axis ≈ 4 Å and minor axis ≈ 2 Å,

resulting in an area of ≈ 6.3 Å2. The adsorbed masses therefore correspond to 98% and 44%

surface coverage for leucine in D2O and H2O, respectively. In light of the above, the formation

of a near monolayer in the case of D2O seems reasonable based on its increased preference for a

standing orientation, resulting in a greater packing of the leucine molecules at the surface. In H2O,

where less adsorption occurs, since the leucine molecules still prefer a standing conformation at

the hydrophobic surface, less than monolayer coverage is achieved.

Difference in adsorbed mass. Since the structure of the solvent plays a crucial role in the

adsorption of amino acids, it is important to consider the effects of the water/D2O solvation

environment on leucine adsorption. For a nonpolar amino acid like leucine adsorbing to a

hydrophobic surface, the major driving force is the hydrophobic interactions between the side

chain (in particular, the terminal methyl groups) and the substrate. It has been shown that the

attractive potential exhibited by hydrophobic surfaces is too weak to hold solvent molecules close

Table 1: Parameters used to fit the QCM-D data appearing in Fig. 3 to Eq. 4.

Property Symbol H2O value D2O value Units Source
quartz frequency f0 4.958 × 106 4.952 × 106 s−1 measured
quartz thickness h0 302.5 × 10−6 302.9 × 10−6 m derived
quartz density ρ0 2648 2648 kg·m−3 literature
solvent density ρ2 997.5 1107 kg·m−3 literature
solvent viscosity η2 8.9 × 10−4 1.25 × 10−3 kg·m−1·s−1 literature
solution density ρ2 999.2 1108 kg·m−3 measured
solution viscosity η2 (9.538 ± 0.477) × 10−4 (1.296 ± 0.065) × 10−3 kg·m−1·s−1 fit
layer density ρ1 1020 1127 kg·m−3 assumed
layer viscosity η1 (9.748 ± 1.755) × 10−4 (1.348 ± 0.243) × 10−3 kg·m−1·s−1 fit
layer shear modulus µ1 (2.005 ± 0.441) × 104 (2.016 ± 0.444) × 104 kg·m−1·s−2 fit
loss tangent at 5 MHz tan δ 1.515 2.081 calculated
layer thickness h1 (1.5 ± 0.2) × 10−9 (3.0 ± 0.4) × 10−9 m fit
adsorbed mass m 153 ± 28 339 ± 58 ng·cm−2 calculated
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to the surface, resulting in a region of low solvent density very near the interface.20,52 This serves to

promote leucine adsorption by allowing it to place its nonpolar side chain in regions of low solvent

density, where it will disrupt fewer solvent-solvent interactions than in the bulk, in accordance with

the hydrophobic effect.65 Therefore, the greater adsorption of leucine fromD2O is reasonable based

on its lower solubility compared to water.66 This arises as a result of the greater strength of the

bonding network in D2O. Since the O-D–O bond is stronger than the corresponding hydrogen bond

in water, rupturing of this bond in order to interact with the charged amine and carboxyl group in

leucine is more difficult, which leads to decreased hydration.67 Thus, since the energetic penalty of

solvation by D2O is so high, leucine is more likely to reduce exposure of its nonpolar side chain, first

by placing it in regions of lower solvent density near the surface, and eventually associating with

the nonpolar polystyrene surface, in order to minimize its disruptive effect on the solvent bonding

network. This phenomenon would be more pronounced in D2O than in H2O. Moreover, the

strength of the hydrophobic interaction would be greater in D2O than in H2O, according to previous

studies.66 Another important factor when considering the adsorption of leucine to polystyrene

is the differential orientation of water and D2O at the interface, as a result of quantum nuclear

effects. Studies have shown that O–H bonds preferentially orient toward the air/water interface (a

model hydrophobic surface) while O–D bonds orient toward the bulk.68 In addition to solvation

environment effects on leucine adsorption, these orientation differences between H2O and D2O

at the interface likely play a significant role in its preferential adsorption from D2O, where there

are fewer dangling O–D bonds to interact with leucine’s side chains, thereby enhancing its surface

adsorption capability.69 We further note that, since our solutions are not buffered, variations in pH

may also contribute to differences in adsorbed amount.

SFG

Fig. 4a shows the SFG spectra of 0.17 M leucine at the polystyrene–D2O interface (red points), and

the control experiment in the absence of leucine (black points). A qualitative inspection of the data

reveals that alkyl stretching modes are very prominent in the 2800–3000 cm−1 region. One of the
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unique features of nonlinear vibrational spectroscopy is that the response is coherent. As a result,

the line shape is obtained by summing over the amplitude and phase of each oscillator/mode prior

to squaring the result to obtain the spectral intensity (Eq. 5). A simple summation over Lorenztians

may be used for the dominant modes when a homogeneous lineshape is assumed,

χ
(2)
Leu =

4∑
q=1

Aq

ωIR − ωq + iΓq
. (7)

For each normal mode q we consider ωIR is the incident IR frequency, ωq is the normal mode

frequency, i =
√
−1, Γq is the homogeneous line width, and the numerator Aq is the ensemble-

averaged product of IR transition dipole moment and Raman transition polarizability. Values of

these parameters obtained from a fit to the data (red line in Fig. 4a) are shown in Table 2.

Table 2: Parameters used to fit the leucine in D2O on polystyrene data appearing in Fig. 4a
to Eq. 7 (q = 1–4) and water on polystyrene data from Fig. 4b to Eq. 8 (q = 5 and 6).

q ωq / cm−1 Aq Γh,q / cm−1 Γi,q / cm−1

1 2852 −2.7 5.5 —
2 2870 −4.6 5.7 —
3 2900 −4.4 15 —
4 2935 −6.8 10 —
5 3200 0.2 5 95
6 3400 0.02 5 50

In the presence of water, the spectra look remarkably different. Fig. 4b shows the baseline

polystryene–water response (black points) and in the presence of 0.17 M leucine (blue points). The

overall reduction in intensity upon the addition of solute is typical for many osmolytes, attributed

to a disruption of the interfacial hydrogen bonding network.70,71 The leucine spectrum illustrates

that, in addition to the broad response of the interfacial O–H stretching modes spanning nearly

1000 cm−1, the alkyl modes are much less prevelant. The coherent nature of the SFG response

doesn’t necessarily ‘bury’ low amplitude modes in the presence of large background signals, as

would occur in IR absorption or Raman scattering spectra. In SFG spectroscopy, such interference

typically leads to amplification of the signal as a reult of the water-leucine cross term in |χ(2) |2.
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Figure 4: (a) SFG intensity spectrum of leucine in D2O adsorbed at the polystyrene surface (red
points), fit to a model based on Eq. 7. The neat polystryene–D2O interface is shown in black. (b)
SFG spectrum of leucine in H2O at the polystyrene surface (blue points), superimposed on the
model created using Eq. 9 (blue line) The neat polystyrene–water interface is shown in black. The
inset displays an enlarged portion of the 2800–3000 cm−1 region.

The fact that the leucine modes appear weaker in water therefore points to the possibility that the

adsorbed quantity and/or structure may be different from that in D2O. We already know from the

QCM-D data that there is roughly half the quantity of leucine on the surface in the case of water.

We now use this information together with our SFG data to further interpret the spectra.

The inhomogeneous OH lineshape may be accounted for with a convolution of Lorenztian and

Gaussian profiles,

χ
(2)
water =

6∑
q=5

∫ ∞

0

Aq

ωIR − ωL + iΓh,q
exp

[
(ωq − ωL)

2

2Γ2
i,q

]
dωL (8)

where Γi is the inhomogeneous linewidth, andωL is the variable overwhich the integral is evaluated.

In such cases, the homogeneous line widths Γh are typically fixed at values determined from
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vibrational dephasing lifetime experiments (here we have used Γh = 5 cm−1). The broad features

in the 3000–3500 cm−1 region are due to the multitude of water O–H stretching environments. We

have modelled this water response using two bands, centered at 3200 cm−1 and 3400 cm−1. The

leucine C–H modes may be clearly observed in the 2800–3000 cm−1 region, but their amplitudes

are not significant enough to uniquely fit the peaks using a homogeneous model as was done in the

case of D2O. Such modest intensity is typical of C–H stretching modes of amino acids adsorbed

onto polystyrene in water.44 We therefore model the leucine/water response using

χ
(2)
Leu−water = χ

(2)
water + r · χ(2)Leu (9)

where r represents the fraction of the population of leucine on the surface in water compared to

that in D2O. This can be obtained from the adsorbed mass of leucine on polystyrene in water (mH

in Table 1) and in D2O (mD), resulting in r = mH/mD = 0.45. The spectrum predicted by Eq. 9 is

indicated by the solid blue line in Fig. 4b. One can notice that the agreement with the measured

spectra (points in Fig. 4b) is reasonable, including the apparent difference in the relative C–Hmode

strength as a result of their coherent superposition with the tailing of the hydrogen-bonded water

O–H modes in the same region (enlarged in the inset to Fig. 4b). This indicates that the difference

in intensity and overall appearance of the leucine H2O compared to D2O spectra may be attributed

to a difference in the population of leucine on the polystyrene surface, with negligible difference in

surface-adsorbed structure for the adsorbate between the two interfacial solvation environments.

Implications for the role of solvent in biomolecular adsorption

Our finding that the structure of leucine adsorbed to polystyrene is similar, whether the solvent is

H2O or D2O, raises interesting questions on the role of solvent in the adsorption and structuring of

biomolecules at surfaces. Although it is recognized that the solvent structure in the first 10–15 Å is

highly dependent on the chemical and physical properties of the surface,72,73 there is surprisingly

little evidence of how this affects the molecules in their adsorbed state. A molecular dynamics
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simulation of leucine in water adsorbed onto surfaces of varying hydrophobicity indicated that, as

the hydrophobicity of the substrate increased, the surface water structure in the presence of adsorbed

leucine has increasing similarity to that in the absence of leucine.20 Studies of a diverse sampling

of amino acid and peptide adsorption at both hydrophobic and hydrophilic surfaces illustrate that

side chain composition, polarity, length, charge, and conformation heavily influence the extent

of amino acid/peptide adsorption and surface structure.31,32 In particular, it was found that the

amphiphilic peptide LKα14 (comprised of leucine and lysine residues) preferentially adsorbed

to polystyrene via hydrophobic interactions through the dehydrated leucine side chains, while

electrostatic interactions of the positively charged lysine side chain dictated adsorption behaviour

to a hydrophilic silica surface.32 Others studies report that adsorption of peptides can have a marked

influence on interfacial water structure, as evidenced by changes in the signal intensity and ratio

of the 3200 cm−1 versus 3400 cm−1 peaks in SFG spectra.34 This highlights the role that solvent

structure plays in the adsorption of biomolecules, and the close relationship between interfacial

solvent structure and adsorbate structure. In addition to structural considerations, vibrational energy

transfer and dissipation dynamics at the aqueous interface are known to be integral to adhesion

processes.74 It has been shown that interfacial energy transfer in D2O occurs through rapid and

efficient transfer of vibrational energy through the O–D stretching mode, both along the surface

and into the bulk, and that these interfacial dynamics are slower in D2O than in H2O but are unique

to water.75 The variability among amino acids, peptides, and proteins in terms of adsorption

tendencies and strength, conformational changes upon adhesion, structure and orientation at the

surface, and reversibility of adsorption require further investigation into the role of solvent in

biomolecular adsorption at surfaces.

Conclusions

Dissipation-monitoring quartz crystal microbalance and vibrational sum-frequency generation

spectroscopy were used to study the adsorption of a hydrophobic amino acid onto a hydrophobic
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surface in the presence of H2O and D2O. Analysis of the QCM-D data using a Voigt model to

account for the viscoelastic response of the damped surface environment resulted in the conclusion

that more than twice as much leucine was adsorbed onto polystyrene when the solvent was D2O.

When the specific ratio of H2O:D2O leucine surface mass was used in a model of the second-

order nonlinear response, the intensity and overall appearance of the SFG spectral features was

entirely accounted for. This is evidence for similar adsorbed structure in the two different solvent

environments, highlighting the role of solvent in dictating the adsorbed quantity while not altering

the interfacial structure at hydrophobic surfaces. This data supports the suitability of substituting

D2O for H2O in spectroscopic studies of biological adsorption at hydrophobic surfaces. The

extreme sensitivity of SFG towards molecular orientation, in conjunction with the mass sensitivity

of QCM-D, make these techniques complementary for characterizing adsorption and structure at

surfaces.
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