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Conspectus

Understanding the adsorption of molecules onto surfaces is integral to a wide variety

of fields with scientific, engineering, and industrial applications. The surface-adsorbed

structure is governed by the nature of the molecule, surface characteristics, and solu-

tion environment. There are therefore three critical interactions that govern adhesion:

solvent–analyte, substrate–analyte, and substrate–solvent. The last two interactions

require a surface-specific probe restricted to a few nanometers or less. This is partic-

ularly true of efforts to probe polymer surface structure without being overwhelmed

by bulk polymer signal, or interfacial water structure in the presence of bulk water.

Second-order nonlinear optical techniques are ideal probes of such interactions, as their

reporting depth is determined by the polar arrangement of molecules (a break in the

macroscopic inversion symmetry) rather than the penetration of the optical fields. This

Account begins with an introduction of surface water structure from the perspective of

a nonlinear probe. Details about the unique view of the water orientation distribution

are discussed, and contrasted with information obtained from conventional vibrational

techniques. The salient features of water next to model hydrophobic and hydrophilic
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surfaces are discussed, in preparation for a discussion of solute interactions that fol-

lows. We then present three examples using a combination of linear and nonlinear

vibrational spectroscopy and molecular dynamics simulations to illustrate how water

is both a mediator and a marker of adhesion. The first is a study of amphipathic pep-

tide adhesion onto hydrophobic and hydrophilic surfaces, characterizing the adsorbed

structure in relation to the water surrounding the molecule and trapped near the sur-

face. Water is found to be especially important in mediating adhesion to hydrophilic

surfaces, where it aids in solvating the peptide as well as facilitating interactions with

the surface. In the second example, we look at adhesion of a multi-component polymer

adhesive using surface-bulk heterospectral correlation analysis, in which surface vibra-

tional spectroscopy is combined with bulk infrared absorption to determine interfacial

structure development during the evaporation of water. When acrylic acid is added

to the polymer, there is a change in orientation of the polymer before an increase

in population. This is opposite to what is observed when no additive is present. In

our third example, we show how interfacial water provides a unique window into the

surface microenvironment during bacterial adhesion, highlighting the role of solution

conditions at the surface in cell attachment and biofilm growth. Changes in the non-

linear vibrational response of interfacial water reflect changes occurring in the pH and

ionic strength only at the surface, due to the presence of polymeric adhesives secreted

by the bacteria. These studies underline the importance of surface water in governing

the structure of adhered molecules, in mediating changes in the interfacial environment

as a result of adhesion, and provide insight into a nanoscale region that is otherwise

difficult to query. They also illustrate the importance of combining surface-sensitive

and bulk spectroscopic probes with computer modeling to gain a better understanding

of the interplay between water and adsorbate structure.

2



1 Introduction

The solid-aqueous interface is one of the most abundant chemical systems on earth, yet

its structural details remain poorly understood. Aqueous interfaces, including water, ice,

electrolyte, and biological solutions are relevant to a wide variety of fields in chemistry.

They play a role in all aspects of our atmospheric and oceanic environments,1,2 in many

technological applications ranging from oil extraction to phase-transfer catalysis,3 and in

most fundamental biochemical processes including respiration, ion transport, and protein

folding.4 The complexity of such interfaces is why this topic has been so widely studied

these past decades; yet a consensus on the details of interfacial interactions remains elusive.

The unique physical and chemical properties of aqueous interfaces arise from the strong

hydrogen bonding network between water molecules, together with the asymmetry intro-

duced by the surface. As a result, the structure of interfacial water is typically distinct from

that of bulk water in terms of the distribution of hydrogen bonding species and their co-

ordination.5 Furthermore, interaction of interfacial water molecules with surface functional

groups, for example hydrogen bonding with O–H terminated oxide surfaces, stabilizes the

interfacial hydration structure. Many of the properties of water near a solid surface are

therefore analogous to the hydration layers around osmolytes.6 The adsorption of solvated

ions, polymers, solute, and biological molecules at the surface add further complexity to

these systems. In this work we aim to show the importance of water in mediating adhesion,

and illustrate how the response from interfacial water can be used to determine the extent,

conformation, and mechanism of molecular adhesion to solid surfaces.
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2 Water structure at solid surfaces: insights from ex-

periments and simulations

It has been established that the nature of the solution environment (temperature, pH, ionic

strength) has consequences on the bulk solubility and three-dimensional structure of the

solutes.7 In the bulk, each water molecule makes on average 3.6 hydrogen bonds with other

water molecules.8 It is this dynamic network of hydrogen bonds that gives water its unique

chemical and physical properties, and in turn affects the solute environment. When it comes

to studying molecules at surfaces, it therefore makes sense to start with an investigation of

the solvent environment at those surfaces.

Consider a glass of water, frozen in time, then slicing through the center with an atomically-

sharp knife passing between water molecules. Folding the system open at the cut plane, the

two new surfaces present water molecules that have lost 50% of the their hydrogen bonding

partners. If we unfreeze time, one can imagine that the water molecules at the surface might

rearrange in order to make the best of their situation, maximizing the number of hydrogen

bonds they can make with waters behind them in the direction of the bulk water phase. Al-

though we have invoked some fantasy, our description very closely resembles what is achieved

in a molecular dynamics simulation. In a typical case, a cube of water molecules is created

on a computer, the energy of the system is computed via classical or quantum mechanical

approaches, and the trajectory of each water molecule is computed over a very small step

size, typically 1–2 fs. The energy of the ensemble is then re-evaluated to generate the coor-

dinates for the next time step. Continuing over millions of iterations, sped up with the help

of clusters of computers, the goal is to provide a description of the equilibrium state of the

system. In the case of our bulk water simulation, we expect to end up with a density near

1 g/cm3 at 25 ◦C and reproduce the well-established thermodynamic properties of water.

However, after we achieve this state, we can then abruptly cut the system in half as described

above, and introduce a solid surface at one of the faces of our simulation box. When the sys-
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tem is allowed to re-equilibrate under these conditions, we have the opportunity to observe

the water surface structure that results, and relate this to the properties of the solid surface

we introduced. Fig. 1a illustrates the density and (Fig. 1b) tilt order parameter (degree of

orientation of the molecule’s C2v axis with respect to the surface normal) as a function of

distance from a model hydrophobic and hydrophilic surface (full details in Ref. 9). For a

hydrophobic surface, a monotonic increase in water density is observed in moving towards

the bulk water phase, with an orientation distribution that becomes isotropic after about

1 nm or 2–3 molecular layers. For water adjacent to a hydrophilic (OH-terminated surface),

the density oscillates about the bulk value, and the accompanying orientation profile is much

more complex. It should be noted that the fine details of the results are dependent on the

choice of interaction potential. In particular, the width of the hydrophobic water deple-

tion region for simple models tends to be slightly larger than what would be obtained for

more realistic surfaces. However, the distinguishing features of hydrophilic and hydrophobic

surfaces remain apparent.

While such simulations are invaluable for their predictive capabilities and the level of

structural detail provided, we seek experimental tools that can validate these results and

provide additional data on which to base the simulations. The primary challenge is finding

a probe that can operate at the solid–liquid environment directly, can exclude all bulk water

contributions from the signal, and is structurally-sensitive. For example, monolayers of

water can be deposited onto solid substrates, but the structure of such vacuum–water–solid

interfaces bears little resemblance to how water behaves at the surface in the presence of

bulk water. Optical probes offer the least perturbation when accessing the buried solid–

liquid interface. Among them, a subset of nonlinear optical techniques is of interest, those

based on even orders of the electric susceptibility, χ(2), χ(4), etc. In general, the polarization
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Figure 1: (a) Density and (b) average value of the tilt angle 〈cos θ〉 for water molecules adja-
cent to a hydrophobic (red) and hydrophilic (blue) surface. Adapted from Ref. 9. Copyright
(2012) ACS Publications.

6



may be expressed as a series of contributions

P = P (1) + P (2) + P (3) + · · ·+ P (n)

= ε0

(
χ(1)E +

1

2
χ(2)E2 +

1

6
χ(3)E3 + · · ·+ 1

n!
χ(n)En

) (1)

where ε0 is the permittivity of free space, χ(n) is the nth order electric susceptibility, and

E is the electric field at the surface, supplied by the probe lasers.10 In order to understand

why the even-ordered elements of χ(n) are special in the context of surface water molecules,

we consider the molecular origins of the susceptibility, the polarizability α, which can also

be expanded in terms of linear and nonlinear contributions. The dipole moment can be

expressed as

p = p(1) + p(2) + p(3) + · · ·+ p(n)

= α(1)E + α(2)E2 + α(3)E3 + · · ·+ α(n)En

(2)

where the connection between the microscopic and macroscopic quantities can be realized

as P is the sum over all molecules contributing their p. Returning to our analysis of the

water tilt angle with respect to the surface normal, we now examine each of the terms in

these sums. The first term is responsible for absorption; the imaginary part of α(1) is the

absorption coefficient. We can write

χ(1) =
1

ε0

∑
molecules

α(1)

= N〈α(1)〉

= N
(
f0 + f2〈cos2 θ〉

)
α(1)

(3)

where N is the number of molecules and 〈α(1)〉 represents the average of α(1) over all values

of the tilt angle θ. If we consider the order parameters f0 and f1 we can see that the linear

response is related to cos2 θ, an important result for absorption spectroscopy. For simplicity,
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consider that bulk water and surface water have the same properties at the molecular level,

and that the two species differ only in terms of their orientation distribution. If we then have

a probe beam that is absorbed by water, or if we perform a simulation and create a sum of

cos2 θ for each molecule, it will be very difficult to get a representative picture of the surface

species since they will be drowned out by their bulk counterparts that appear in far greater

numbers. The same situation is true for fluorescence or Raman scattering originating from

the third-order response function11

χ(3) =
1

ε0

∑
molecules

α(3)

= N〈α(3)〉

= N
(
f0 + f2〈cos2 θ〉+ f4〈cos4 θ〉

)
α(3).

(4)

We can generalize this discussion to conclude that all probes based on an odd-order response

function probe only even powers of cos θ.

We now consider the lowest even-order response, the second order response, and find that

χ(2) =
1

ε0

∑
molecules

α(2)

= N〈α(2)〉

= N
(
f1〈cos θ〉+ f3〈cos3 θ〉

)
α(2).

(5)

From here the pattern is clear: techniques based on even orders of the susceptibility tensor

are sensitive to odd powers of cos θ. Consider the electric field radiated from such a P (2)

source. Fig. 2 illustrates that if the water molecule is flipped, we have θ → 180◦ − θ, and

cos(180◦− θ) = − cos θ. This relation holds for any odd power of cosine. In other words, the

field generated from two molecules with opposite orientations will destructively interfere in

a χ(2) process. As a result, there is no P (2) from any molecules in the bulk water phase on

account of their isotropic distribution. At the surface, the orientation preference of water
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molecules in response to their desire to maximize their hydrogen bonding opportunities will

break this symmetry, and the light emitted from P (2) is detected.

Figure 2: (a) In the bulk, light produced from the second order polarization destructively
interferes with that from another molecule with opposite orientation, so no SFG can be
measured from bulk water. At the surface, water has a preference for its orientation based
on hydrogen bonding opportunities, so SFG is detected from these species, and the phase
of the emitted field is shifted by 180◦ for molecules with their (b) oxygen or (c) hydrogen
directed towards the surface. (d) An energy level diagram illustrating the process of sum-
frequency generation.

Now that we have identified a surface-sensitive probe, we return to the structural ques-

tion. We are most interested in techniques that can provide information on the interfacial

water hydrogen bonding environment. For this reason, we use visible-infrared sum-frequency

generation (SFG) where one of the probe lasers is at frequency ωvis typically 18,797 cm−1

(532 nm), far from any electronic or vibrational resonance, and the other is tuned from

ωIR = 2800–3800 cm−1 to cover the distribution of O–H stretching frequencies. We detect

the light emitted at the sum frequency ωvis + ωIR, and plot its intensity as a function of

ωIR. As shown in Fig. 2d, one advantage of this particular χ(2) process is that the emitted

light is at higher frequency than the visible laser beam, so there is no difficulty associated

with fluorescence. Furthermore, for the range of frequencies listed above, the SFG appears

between 442–463 nm, ideal for low-light level detectors with peak response in the blue/green.

Another popular choice is to have ωvis in the near-infrared near 800 nm, with SFG then pro-
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duced in the 614–654 nm range. Fig. 3 illustrates example SFG spectra as collected from a

hydrophobic (air) and hydrophilic (glass) surface, superimposed on the IR absorption spec-

tra of bulk water and ice. One can see that the 3.6 hydrogen bonds per molecule in the bulk

liquid takes the form of a wide distribution of hydrogen bonding environments, with a peak

intensity near 3400 cm−1. Ice has a tetrahedral structure, and correspondingly the absorp-

tion maximum is shifted to approximately 3200 cm−1. SFG spectra of the hydrophobic and

hydrophilic surfaces reveal the complexity of the interfacial hydrogen bonding environments,

and the drastic differences between the two surfaces. This is a consequence of the substan-

tial difference in density and orientation as revealed in the simulations. Water next to the

hydrophilic surface exhibits significant intensity at 3200 and 3400 cm−1, and the relative

intensity of these O–H stretching bands is sensitive to the detailed surface characteristics.12

At the hydrophobic surface, a sharp feature near 3700 cm−1 originates from uncoupled OH

oscillators, water molecules with one OH bond directed towards a surface with no opportu-

nity for hydrogen bonding.13,14 Such fundamental studies of water next to model surfaces are

important not only for understanding the neat water interfaces, but also in characterizing

the perturbation of the structure upon the addition of solutes. In the following sections,

we will provide some examples where molecular simulations together with SFG experiments

provide insight into the role of water in dictating and revealing adhesion events.

3 Surface water as a mediator and reporter of adhesion

at aqueous interfaces

3.1 Peptide adhesion

Synthetic peptides offer the possibility to study biomolecular interactions at a level of detail

that is often not possible with proteins. Face-wise amphiphilic α-helices are particularly

interesting due to their application as antimicrobial agents and role in membrane pore for-
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Figure 3: Im[χ(1)] for water (black)15 and ice (green),16 superimposed on |χ(2)|2 for water
at a hydrophobic (red)5 and hydrophilic (blue)17 surface. All spectra have been normalized
to their highest intensity in this wavelength region in order to facilitate comparison of their
shapes.

mation.18 LKα14 is a 14-residue leucine- and lysine-containing peptide that forms a stable

α-helix in solution.19 Interactions between the adsorbed state of LKα14 and surfaces of vary-

ing hydrophobicity have been extensively studied by a variety of techniques, including SFG

spectroscopy20–23 and molecular simulations.24,25 Early experiments have shown that when

the peptide is adsorbed onto a hydrophilic surface, its lysine residue terminal NH+
3 groups

produce SFG signal, while the leucine terminal methyl stretching modes are silent.21 On

a hydrophobic surface, the opposite was observed, with only CH3 groups producing SFG

signal. It was proposed that on hydrophobic surfaces LKα14 adopts an orientation where its

hydrophobic leucine residues are in contact with the surface and are therefore immobilized in

a manner that breaks the centrosymmetry to provide the SFG response; on the hydrophilic

surface the peptide is flipped. We followed up on this observation by performing some sim-

ulations of LKα14 with model hydrophobic and hydrophilic surfaces, including water and

ions.26 A snapshot from the two systems is shown in Fig. 4.

Using the peptide atomic coordinates from the MD trajectories, we constructed the pre-

dicted SFG response from the side chains. In agreement with the experimental observations,

the hydrophobic adsorbed orientation and conformation produced only leucine signals, while
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Figure 4: Snapshots of the peptide LKα14 adsorbed on a (a) hydrophilic and (b) hydrophobic
surface. Adapted from Ref. 27. Copyright (2017) Elsevier.

the hydrophilic surface state produced exclusively lysine signals. This then provided an

opportunity to investigate what structural features were responsible for the SFG result. It

was determined that on each surface, the lack of signal from functional groups of the “op-

posite” hydrophobicity was due to their orientation in the plane of the surface, facilitated

by a conformation change of the peptide backbone. We note that details of the structures

predicted by the simulations are sensitive to the way the surface is represented and the choice

of interaction model; a detailed comparison is presented in Ref. 24.

The availability of coordinates for all atoms in the system provide a further opportunity

to investigate the role of water in mediating this interaction. Based on our previous work

on the spectroscopy and simulation of neat solid–water interfaces,27 we can determine to

what extent the water structure is perturbed in the presence of the peptide. The structure

of water between the hydrophilic surface and the peptide was found to vary with distance

from the surface, allowing us to differentiate surface-induced, bulk-like, and peptide-induced

water behaviour. Fig. 5a shows that water structure is dictated by the surface when the

peptide is within 0.5 nm, as evidenced by the identical water density profiles in the absence

of the peptide. However, when the peptide is 0.6 nm from the surface, the nearly constant

water density and order parameter values tending towards zero indicate a bulk-like structure.

Greater than 0.6 nm from the surface, the density and order profiles indicate that water

structure is determined by the peptide. The orientation of water molecules close to the

surface and bottom face of the peptide were found to be similar (with the oxygen atom

pointing towards the peptide) as indicated by the similar positive order parameter values for
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each water population (Fig. 5b). This suggests that the presence of water is favourable in

mediating interactions between the hydrophilic surface and peptide. A layer of well-ordered

water molecules is always present at hydrophilic surfaces whose structure is influenced by

both the surface and adsorbed peptide. At hydrophobic surfaces water is excluded upon

adhesion of the peptide to the surface, which are in direct contact. This is shown in Fig. 5c

where there is a paucity of water when peptide atoms are 0.5 and 0.6 nm from the surface.

Although the water density between the peptide and a hydrophobic surface is much lower

than at a hydrophilic surface, it has a higher degree of ordering. Even when the peptide

is 2 nm from the surface, the trapped water barely reaches bulk-like behaviour (Fig. 5d)

which would be indicated by an order parameter of zero. However, for both hydrophobic

and hydrophilic surfaces, the water was found to be oriented with its oxygen pointing toward

the adhered peptide. These results shed light on the role of water in mediating biomolecular

adsorption to surfaces of varying hydrophobicity.

3.2 Multi-component synthetic adhesives

We now introduce a more complex system, that of a multi-component pressure-sensitive

adhesive. Such formulations are important in a wide range of household and industrial

applications, especially in the construction industry where bonding between specific materials

is required.28,29 Most of these formulations include polymers.30 One of the challenges is to

balance the higher wettability and tack of low glass transition (Tg) materials, with the higher

shear resistance and cohesive strength offered by high Tg materials.31 An approach has been

to add acrylic acid to low Tg poly(butyl acrylate) formulations. Water plays a critical role

in such systems, as it is a major component of the formulation at the time of application,

and ultimately provides the final surface interactions between adhesive molecules and the

substrate as the water leaves. Techniques such as attenuated total internal reflection infrared

(ATR-IR) absorption are ideal for probing water infiltration or evaporation processes as large

changes in absorbance are measured when molecules enter or leave the evanescent wave probe
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Figure 5: (a) Density and (b) polar tilt angle order parameter for water trapped between
LKα14 and a hydrophilic surface. (c) Density and (d) polar tilt angle order parameter for
water trapped between LKα14 and a hydrophobic surface.
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volume. Such experiments are a perfect complement to SFG, as χ(2) processes cannot probe

sub-surface species that are not oriented. We are careful in the use of the term “bulk” here,

as the composition of the material in the first few microns near the surface may be different

from that further into the bulk polymer phase.

We have recently been exploring the potential of surface–bulk heterospectral correlation

analysis where SFG spectra are combined with IR absorption or Raman scattering to un-

tangle structural clues for systems where the surface ordering is triggered by changes in the

bulk composition.32,33 We calculate the complex correlation coefficient

C(ω1, ω2) = Φ(ω1, ω2) + iΨ(ω1, ω2) (6)

where the real part,

Φ(ω1, ω2) =
1

m− 1

[
Im{χ(1)(ω1, ti)} −

1

m

m∑
i=1

Im{χ(1)(ω1, t)}

]

×

[
|χ(2)(ω2, ti)| −

1

m

m∑
i=1

|χ(2)(ω2, t)|

] (7)

the synchronous spectrum, is calculated from the ATR-IR Im{χ(1)} and the SFG |χ(2)|

spectra. Eq. 7 shows that we are subtracting the mean value obtained at each wavenumber

ω with respect to time t during the polymer drying process. Here ω1 is the IR frequency

in the ATR-IR experiment, and ω2 is the IR frequency in the SFG experiment. If there are

N points in the ATR-IR region of interest, and M points in each SFG spectrum, Φ(ω1, ω2)

is an N ×M quantity that reveals the correlation between the IR response at ω1 with the

SFG response at ω2 for the spectra collected as a function of time. A positive cross peak in

Φ indicates that the ATR-IR and SFG signal are both growing or shrinking with respect to

time; a negative cross peak indicates that the signal is increasing in the bulk and decreasing

at the surface, or vice versa. The imaginary part of the correlation coefficient is obtained by
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a similar method

Ψ(ω1, ω2) =
1

m− 1

[
Im{χ(1)(ω1, ti)} −

1

m

m∑
i=1

Im{χ(1)(ω1, t)}

]

×Nij ·

[
|χ(2)(ω2, ti)| −

1

m

m∑
i=1

|χ(2)(ω2, t)|

] (8)

where Nij are elements of the Hilbert-Noda transformation matrix.34 This asynchronous

component of the correlation highlights spectral changes that are phase shifted between the

surface and bulk spectroscopies.34–36

The role of acrylic acid in determining the surface structure of a poly(butyl acrylate)-

based pressure sensitive adhesive (PSA) on sapphire during the water evaporation process

was studied using ATR-IR and SFG spectroscopy.37 The synchronous and asynchronous 2D

correlation maps, together with the corresponding ATR-IR and SFG spectra, are shown in

Fig. 6 for the mixture without acrylic acid. We exclude the water O–H stretching region from

the analysis as the water modes are very strong in the IR absorption spectra, and decrease as

expected as water leaves the interfacial region. Knowing this dominant bulk water response,

we analyze the C–H stretching region with the goal of interpreting the results together with

the bulk water trends. Here the negative asynchronous feature together with the negative

corresponding feature in the synchronous map (Fig. 6c and d) indicates that the decrease

in SFG intensity occurs after the increase in IR C–H stretching mode intensities from the

polymer. Thus, an accumulation of interfacial PSA precedes the ordering of the polymer,

indicating that ordering at the surface is driven by packing as the water content decreases

during the drying process. In contrast, when a small amount acrylic acid is added to the PSA,

a positive synchronous signal, coupled with a large negative feature in the asynchronous map,

signifies that the change in SFG intensity precedes any changes in IR signal. We conclude

that an orientation change of the polymer occurs before an increase in surface population. As

the water content decreases, the polymer rapidly reorients itself to replace previous hydrogen

bonding of the acrylic acid with water, with hydrogen bonds to the O–H terminated sapphire
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surface. These results provide insight into the role of water and acrylic acid in dictating the

molecular level structure of PSAs adhered to surfaces, which is integral to gaining a better

understanding of the performance of the materials.

3.3 Bacterial adhesives

Bacterial adhesion is a multi-faceted process governed by the nature of the surface, solution

conditions, and solvation environment. A conditioning layer of proteins is first deposited,

allowing cells to adhere and produce extracellular polymeric substances (EPS) which, over

a period of hours to days, completely envelop the surface.38 Secretion of EPS is one of the

unique features of sessile bacteria, improving adhesion and cohesion, and offering enhanced

resistance to environmental stresses.39–41 Studies varying the surface and solution condi-

tions have concluded that the nature of the surface, including its charge, hydrophobicity,

and roughness, as well as pH and ionic strength of the environment, are critical features

influencing the amount and conformation of adsorbed proteins and cells.42,43 The solvation

environment is integral for both protein and bacterial adhesion, such that changes in the

hydration structure at the surface are a sensitive measure of early adhesion events. Water

molecules may compete with conditioning proteins for hydrogen bonding opportunities with

the surface, thereby suppressing cell adhesion.44 Water constitutes by far the largest part of

the environment in which most bacteria grow, and is also the major component of the EPS

matrix. Polymers within this matrix trap ions and other osmolytes, creating microenviron-

ments with varying nutrient and chemical gradients that are important for cell growth and

eventual biofilm development.45

To investigate bacterial adhesion to surfaces, vibrational SFG spectroscopy, combined

with bulk solution measurements and imaging, were used to study silica surface conditions

during the growth of E. Coli K12.17 As a result of the high surface charge density of silica

near neutral pH, the water structure at the silica-aqueous interface is known to be especially

sensitive to pH and ionic strength, and surface concentration profiles develop that can be
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Figure 6: (a) IR absorption spectra of a pressure-sensitive adhesive collected as a function
of time; (b) corresponding SFG spectra; (c) synchronous and (d) asynchronous correlation
maps generated from the spectral data.
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appreciably different from the bulk solution conditions. As the E. Coli were grown inside

our SFG spectrometer and spectra collected over a 24 h period, a continual increase in the

interfacial water O–H stretching was observed, as illustrated in Fig. 7a. After 24 h, the water

signal reaches 53% of the silica–water signal. It was noted that the increase in SFG intensity

(Fig. 7c) exactly matched the population growth curve for this bacteria (Fig. 7b).

Figure 7: (a) SFG spectra collected at the aqueous-silica interface for water (blue), LB
growth medium (red), and E. Coli K12 (grey). During the bacteria growth, SFG intensity
increases from 21% of the initial silica-water signal to 53% of this level. The intensity at
3200 cm−1 is plotted in (c) (black points) along with analogous offline experiments with
and without cells. (b)E. Coli K12 growth curve as determined from the optical density at
600 nm. Adapted from Ref. 17. Copyright (2018) AIP publishing.

We have proposed that, in the presence of growing cells, a unique surface microenviron-
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ment is established as a result of metabolites and EPS accumulating on the silica surface

(Fig. 8), attributed to a reduction in the local ionic strength as the EPS deplete ions from

the region immediately adjacent to the silica. Even in the subsequent absence of the cells,

this surface layer of polymers works to reduce the interfacial ionic strength as revealed by the

enhanced signal from surface water molecules.17 This occurs as a result of reduced screening

of the negatively charged silica surface, producing a greater χ(3) contribution to the signal.

In the presence of growing cells, an additional boost in surface water signal is attributed

to a local pH that is higher than that of the bulk solution. This occurs as a result of cells

producing ammonium during growth,46 which is then attracted to the negatively charged

surface and becomes trapped within the microenvironment. Increases in local pH would pro-

duce a more negative silica surface charge, further enhancing the SFG signal. Bulk pH and

ionic strength measurements showed small changes that were not sufficient to account for the

magnitude of the observed increase in SFG intensity.47 The formation of a microenvironment

at the surface, consisting of cells, their excretion products (EPS, metabolites) and ions asso-

ciated with this extracellular matrix of polymers, would result in a pH and ionic strength at

the surface that is distinct from the bulk—a phenomenon common throughout the biofilm

matrix. By using a surface-sensitive technique we are able to investigate changes occurring

in this complex, multi-component system by monitoring the interfacial water response to

adhesion.

4 Conclusion and perspectives

The role of interfacial water as both a mediator and reporter of adhesion at solid-aqueous

interfaces has been demonstrated using a combination of bulk- and surface-specific vibra-

tional spectroscopies, together with molecular simulations. For peptide adhesion at both

hydrophilic and hydrophobic surfaces, simulations and spectral modeling enables interfa-

cial structure and orientation to be determined, and informs on the influence of water in
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Figure 8: Illustration of the surface microenvironment created during bacterial growth and
adhesion.

mediating adhesion to the surface. On hydrophilic surfaces water facilitates solvation and

mediates interactions with the substrate. Combining surface- and bulk-sensitive techniques

becomes important when changes in the bulk solution affect interfacial processes. We have

illustrated the utility of two-dimensional correlation analysis in studying the water evapora-

tion process of a polymer adhesive. In the case of bacterial adhesion to silica, changes in the

spectral response from interfacial water were used as an indicator of changes occurring in

the microenvironment separated from the bulk aqueous phase due to extracellular polymer

adhesion. The use of SFG to probe the interfacial environment during bacterial adhesion is

new for the biofilm community, which mostly uses vibrational techniques such as ATR-IR

and Raman to study biofilm composition near the surface.

Adsorption from the aqueous phase is a complex and multi-faceted problem. For a

more complete understanding, it is necessary to investigate many aspects of the system

including changes occurring in the bulk water and at the interface. Coupling SFG with bulk

probes such as IR, Raman, mass spectrometry, and NMR for composition analysis; AFM

and ellipsometry for structural analysis, would help to better characterize heterogeneous

samples. Further research combining SFG with optical and fluorescence imaging will also

be important in gaining greater perspective on biological systems such as adhesion of living

cells where the variability between samples presents challenges. The ability to characterize
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the chemical composition of the interfacial environment, while simultaneously coupling this

information to changes in the structure and morphology of adhered cells and colonies, can

provide insight into cellular adhesion processes and biofilm formation.

We have also highlighted the possibility of obtaining qualitative information from SFG

spectra. This represents a shift for the nonlinear vibrational spectroscopy community, where

it has been established that the study of small molecules with known composition can yield

remarkable quantitative detail about orientation, conformation, and the surface orientation

distribution.48,49 In contrast, by examining trends in spectral intensity changes, SFG spectra

can be used to obtain information about changes occurring in the interfacial environment.

Even in cases where detailed analysis of vibrational modes is not performed, optical effects

such as local field corrections are critical, and must be considered. For example, when

working in an internal reflection geometry near the critical angle of one or more beams, small

changes in refractive index may have drastic consequences on the measured intensity. Such

a local refractive index sensor may be of interest, but it is important that this contribution

to the signal be recognized, and not misinterpreted as changes in the surface population or

organization of molecules. Although techniques for processing data to include such effects are

described in detail in the literature, there is still some discussion surrounding the nature of the

correction, and experimental confirmations of the various approaches are not widely available.

Nevertheless, the structure, orientation, and mechanistic information on molecular adhesion

that can be gained from using these nonlinear optical techniques, and combining with other

bulk probes and simulations, provides powerful tools for studying these systems. This is

especially true at solid–aqueous interfaces where water is integral in mediating adhesion and

its response can be used to investigate interfacial processes that occur in a wide variety of

biologically, chemically, and industrially relevant systems.
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