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ABSTRACT: Inspired by the strong adhesion of mussel byssal threads to
surfaces, the incorporation of 3,4-dihydroxyphenylalanine (DOPA) in polymer
architecture has become a popular strategy to improve the adhesion of the
polymers. There are numerous literature reports of this bioinspired method to
improve the adhesion performance of polymers. However, the mechanism behind
the success of DOPA-based adhesion continues to be a puzzle as decoupling the
contribution of interfacial adhesion to the alteration in chemistry is experimentally
challenging. Herein, we designed mussel-inspired elastomers with four different
functionalities to test the importance of aromatic and hydroxyl groups in determining the adhesion performance. With a
combination of adhesion measurements, surface-sensitive spectroscopy, and molecular dynamics simulations, we show that the
aromatic groups form weak multivalent acid−base interactions with the surface hydroxyl groups on sapphire. Also, the interaction of
both phenyl (weak acid−base interaction) and −OH groups (strong acid−base interaction) of DOPA with sapphire −OH groups
increases the adhesion of DOPA-based polymers compared to polymer analogs functionalized with either phenylalanine (only
aromatic), serine (only hydroxyl), or tyrosine (aromatic and one hydroxyl) groups. Thus, this study illustrates the importance of
both strong and weak acid−base interactions in enhancing adhesion.

■ INTRODUCTION

The drive to understand the mechanisms used by living
organisms to adhere to surfaces has resulted in the discovery of
the chemical and physical contributions of fibrillar adhesives in
geckos and insects,1,2 glycoproteins in slug mucus3,4 and spider
silk adhesives,5,6 polyelectrolyte complexes in sandcastle worm
cement,7,8 and 3,4-dihydroxyphenylalanine (DOPA) functional
groups in mussel foot proteins9,10 (Mfps). Among these
examples, the DOPA functionality in Mfps is arguably the most
studied system.11,12 The unusual presence of DOPA
functionality in Mfps is a result of site-specific post-transla-
tional modification of tyrosine units.12 The dihydroxyl groups
in DOPA (−OHDOPA) chelate with metallic surfaces to form
strong bonds even in the presence of water.13,14 Because
mussels stick to diverse surfaces in addition to metals,15 other
intermolecular interactions such as hydrogen bond-
ing,13,14,16−23 catechol−cation synergy,22,24−31 dispersive in-
teractions,20,32,33 and π−π,32 cation−π,34,35 and anion−π36
may also play an important role in their adhesion. This
versatility of the adhesion of Mfps has generated significant
interest in synthesizing polymers containing DOPA function-
alities for biomedical and engineering applications.37−44

The Mfps contain a diverse array of nonpolar and polar
amino acid building blocks.45 We limited the scope of this
study to understand only the effects of appending amino acids
and aromatic and hydroxyl groups in interfacial adhesion.
More specifically, we sought to understand questions such as

“would the −OH groups on an aromatic ring show different
adhesion strengths compared to the −OH groups on a non-
aromatic structure?” Testing even this simple hypothesis and
isolating the effect of a chemical functional group is not a trivial
task because the experimental adhesion strength is affected by
a multitude of factors other than the chemistry of the
functional groups.46 For example, the change in chemistry
not only changes the interfacial interactions offered by the
adhesive but also alters the bulk viscoelastic properties of the
adhesive material. Thus, there are limited studies that
demonstrate the effect of chemical groups on interfacial
interactions, as decoupling the contribution of interfacial
adhesion to the change in chemistry is experimentally
challenging.
To overcome this shortcoming and address the role of

aromatic and hydroxyl groups on interfacial adhesion, in this
study, we have designed four different mussel-inspired
polymers (MIPs) appended with phenylalanine (Phe), serine
(Ser), tyrosine (Tyr), and DOPA. MIPs have two components
that are kept constanta long chain of hydrocarbon that
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lowers the glass-transition temperature (Tg) and another
component that provides cross-linking chemistry and reduces
the viscoelastic dissipation.47−49 With this polymer design, we
have previously shown that a short UV exposure is enough to
cross-link and generate a low modulus adhesive elastomer
(MIE).48 Four functional groups were chosen to test the
contributions of the aromatic group (MIE-mPhe), −OH group
(MIE-mSer), a single −OH attached to the aromatic group
(MIE-mTyr), and two hydroxyl groups attached to a single
aromatic groupthe molecule expected to show the highest
adhesion (MIE-mDOPA). The adhesion strength of MIEs was
measured in contact with a plasma-treated glass substrate using
Johnson−Kendall−Roberts (JKR) geometry. JKR geometry
helps in reducing the contribution of viscoelastic effects from
the measured adhesion during the pull-off cycle.50

We have used surface-sensitive sum-frequency generation
(SFG) spectroscopy to measure the strength of the acid−base

interactions (hydrogen bonding is a subset of acid−base
interactions). In previous SFG experiments, we have
demonstrated that the sapphire surface −OH group peak
(−OHsap) shift is directly correlated to the strength of the
acid−base interactions between the −OHsap and the
interacting groups.51,52 The shifts of the −OHsap peak can be
directly related to the interfacial enthalpic interactions.48,53−59

We have used this approach to measure the enthalpy of
interaction between −OHsap and model compounds that
represent the four functionalities of interestPhe, Ser, Tyr,
and DOPA. To relate the enthalpic contribution to the work of
adhesion, we need information on the interaction strength and
the number of acid−base interactions with the surface OHsap.
The interaction strength and the number of interactions were
determined by SFG and MD molecular dynamics (MD)
simulations, respectively.60−62 Based on the MD and SFG
results, we calculated the trend expected for the adhesion for

Figure 1. (A) Schematic representation of the Mfp-inspired polyesters (MIPs) synthesized to identify the consequences of functional group
chemistry on the macroscopic interfacial adhesion. Four different statistical copolyesters were synthesized with mPhe, mSer, mTyr, and mDOPA
pendant groups. The details of the synthesis are provided in the Supporting Information. (B) Graphical representation of the photocross-linking
reaction of coumarin that leads to the formation of mussel-inspired elastomers (MIEs) from MIPs. (C) Storage (G′) and loss (G″) moduli as a
function of angular frequency (ω) obtained from the small-amplitude oscillatory shear (SAOS) measurements of the MIEs created by 10 min of
photoirradiation of MIPs at 25 °C. (D) Surface energy (γS) of the MIEs was determined from the contact angle measurements of three liquids
(water, ethylene glycol, and propylene glycol) on MIE films.
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the four different amino acid representative molecules. The
comparison between the predicted and empirical results reveals
not only the importance of the OH groups forming strong
acid−base interactions with −OHsap but also the cumulative
effect of multivalent weaker acid−base interactions between
the aromatic group and the −OHsap.
The synergy of the strong and weak acid−base interactions

makes the DOPA functionality unique in forming a strong
adhesive bond with hydroxyl-rich surfaces. Our integrative
approach of tailored chemistry, interface-sensitive spectrosco-
py, and simulation provided a semi-empirical relationship
between the molecular structure of Mfp-inspired nonionic
functional groups and macroscopic adhesion strength. The
results accurately identify the critical role of molecular
orientations at the interface and the cumulative effect of
multiple weak acid−base interactions in the experimentally
observed adhesion strength.

■ RESULTS AND DISCUSSION

We have divided this section into five subsections. In the first
subsection, the design of MIEs with four different functional
groups and the results from the adhesion measurements are
explained. In the second subsection, we describe the small
molecule studies using SFG to determine the interaction
enthalpy of the model compounds with −OHsap. The third
subsection details the MD results to calculate the molecular
orientation and number of weak and strong acid−base
interactions. In the fourth subsection, the prediction of work
of adhesion per molecule using the results from SFG and MD
simulations is described. Finally, in the fifth subsection, we
discuss the implications of the results and describe some of the
unresolved questions.

Design of the MIEs and Their Macroscopic Adhesion
Measurements. To create adhesive elastomers with Mfp-
inspired functional groups, four different mussel-inspired
statistical copolyesters (MIPs, Figure 1A) were synthesized
using a previously described polyesterification reaction

Figure 2. (A) Schematic diagram of the sample preparation for adhesion measurements. A thin layer of MIEs was deposited on top of a PDMS
elastomer film. (B) Schematic representation of the instrument used for measuring the contact adhesion of a glass lens against the MIEs. (C)
Representative force−distance curves were obtained during the measurement of contact adhesion between the hemispherical glass lens and MIEs.
The rate of loading and unloading was 0.4 μm/s. The adhesive contacts were equilibrated under a preload of −1.0 mN for 5 min before the
unloading experiments. (D) Work of adhesion (Wad) of the MIEs was calculated from the pull-off forces using the JKR equation (eq 2). The data
represented in the above plots are the average of five readings, and the error bars represent their standard deviation. The Tukey mean comparison
test was used for identifying the statistical significance across the Wad of MIEs. The differences in the alphabets above individual columns describe
the statistical significance with p < 0.05.
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between three N-functionalized diethanolamide monomers
(diols) and sebacic acid (dicarboxylic acid) (Scheme
S2A).47−49,63 Among the three diols, two of the diols (A and
C) were incorporated in all four MIPs and the pendant group
of the third diol monomer was varied (R) across the MIPs.
First, a coumarin-functionalized diol monomer (C) was added
in the MIPs at a constant feed ratio of 5 mol %. Coumarin
undergoes [2 + 2] photocycloaddition upon exposure to light
of wavelength, λ = 340 nm, providing chemically cross-linked
elastomeric materials (Figure 1B).47,49,64,65 An aliphatic diol
(A) with nonpolar hydrocarbons was added at a feed ratio of
65 mol % to obtain elastomers with low moduli (internal
plasticizer) after the cross-linking reaction of coumarin units.
This unit also lowers the glass-transition temperatures of the
MIPs.66 Finally, to create MIPs with a variable number of
aromatic and hydroxyl groups per monomer units, diols
mimicking phenylalanine (mPhe, aromatic and no hydroxyl),
serine (mSer, non-aromatic and one hydroxyl), tyrosine
(mTyr, aromatic and one hydroxyl), and 3,4-dihydroxypheny-
lalanine (mDOPA, aromatic and two hydroxyls) were
incorporated in the polyesters to obtain MIP-mPhe, MIP-
mSer, MIP-mTyr, and MIP-mDOPA, respectively. A detailed
description of the synthesis of amino acid mimetic diols (R)
(Scheme S1) and polyesterification reactions (Scheme S2A)
are provided in the Supporting Information. The analysis of
the 1H NMR (Figure S3) shows that the molar ratios of the
three diols are similar across all MIPs. The molar masses of
MIPs (Mn,GPC) were in the same range (Table S1).
The MIPs were photocross-linked by UV irradiation at λ =

340 nm to create the corresponding mussel-inspired elastomers
(MIEs). These MIEs were used to examine the molecular
origins of macroscopic adhesion of elastomers to a sapphire
substrate. The viscoelastic properties of the MIEs were
analyzed using small-amplitude oscillatory shear measurements
(SAOS). The detailed procedure is provided in the Supporting
Information. The MIEs were subjected to oscillatory shear at
an angular frequency (ω) ≈ 0.1 to 100 rad/s, and the storage
(G′) and loss (G″) moduli were determined (Figure 1C). All
the MIEs after exposure to UV-A show G′ > G″, indicating the
solid-like behavior at ω ≈ 0.1 to 100 rad/s (Figure 1C). At low
ω, both G′ (13−71 k Pa) and G″ (2−7 kPa) show a similar
range of values across the MIEs. The negligible variations in G′
and G″ across the MIEs indicate the minimal effect of the
structure of the R groups on bulk viscoelastic properties of the
cross-linked networks. A detailed comparison of the
rheological properties of the MIEs can be found in the
Supporting Information. The similarities of MIPs in molar
mass and the molar ratio of monomers and the R-group
independent cross-linking chemistry provide MIEs with similar
rheological properties.
The surface energy of MIEs was characterized by measuring

the contact angle of three solvents (ethylene glycol, propylene
glycol, and water) on thin films (thickness of ∼200 nm) of
MIEs (details in the Supporting Information).49,67 Figure 1D
shows that all MIEs have a surface energy (γS) of ∼28 mJ/m2.
The thermodynamic work of adhesion (Wad(0)) is defined

using eq 1, where γ12 is the interfacial energy between substrate
1 and 2 and γ1 and γ2 are the surface energies of the two
substrates (eq 1).68

Wad(0) 1 2 12γ γ γ= + − (1)

The measured macroscopic adhesion strength has contribu-
tions from both the thermodynamic work of adhesion and bulk

dissipation. Since the surface energies of the MIEs (γS) and
substrate (γG, glass) and bulk rheological properties are almost
similar across the MIEs (Figure 1C,D), the results from
adhesion measurements will reflect the differences in the
interfacial energy (γSG) at the contact interface between the
MIEs and substrate.
Figure 2A shows the procedure for the fabrication of MIE-

coated (thickness of ∼20 μm) PDMS films. The adhesion
strength between the hemispherical glass lens (radius, Rl = 1.25
mm) and MIEs was measured using the JKR model pull-off
adhesion test (rate of loading and unloading = 0.4 μm/s) using
a home-built instrument (Figure 2B), described in detail
elsewhere.48 Figure 2C shows the representative force−
distance curve and the pull-off force (Fad) measurements.
Wad was calculated from Fad using the following JKR
equation:50

W
F

R1.5ad
ad

lπ
=

× × (2)

Note that the values of Wad reported here are much larger
than those expected from eq 1 and include contributions due
to either stretching of interfacial chains and (or) bulk
dissipation.46 Moreover, the Wad determined from JKR
geometry at low velocity is proportional (but not equal) to
the thermodynamic work of adhesion (Wad(0)).

50 We expect
that the additional viscoelastic contributions are similar for all
four systems, and we can attribute the variations in Wad to the
differences in their chemistries.
The subtle variations in the structure of pendant groups led

to significant differences in the Wad (Figure 2D). MIE-
mDOPA (Wad = 1.15 ± 0.11 J/m2) showed the highest
adhesion strength, while MIE-mPhe (Wad = 0.41 ± 0.03 J/m2)
and MIE-mSer (Wad = 0.30 ± 0.05 J/m2) showed a relatively
lower Wad. Note that all the elastomers failed at the glass−
elastomer interface (adhesive failure). To explain the trend in
Wad: MIE-mPhe < MIE-mTyr < MIE-mDOPA, we examined
the interfacial interactions between model compounds and the
hydroxylated surface.

Measurement of Interfacial Interactions of Model
Compounds Using SFG. The sapphire surface (sapphire−air
interface) has free hydroxyl groups (−OHsap) that show a
strong peak in the SFG spectra at ∼3700 to 3720 cm−1. The
location of this peak shifts to a lower wavenumber when in
contact with other media. The enthalpy of interaction between
−OHsap and the interacting molecules (ΔHi) can be quantified
from the shift in −OHsap vibration frequency (Δνi) using the
Badger−Bauer equation69,70

H m ci iνΔ = Δ + (3)

where m and c are empirically determined constants for specific
functional groups.
To examine the interfacial interactions between representa-

tive compounds and the sapphire (Al2O3) surface, the
following molecules were selected: benzene (sm-Phe),
methanol (sm-Ser), phenol (sm-Tyr), and catechol (sm-
DOPA). These represent the pendant R groups of MIE-
mPhe, MIE-mSer, MIE-mTyr, and MIE-mDOPA. The model
molecules sm-Tyr and sm-DOPA are solids at room temper-
ature. Therefore, sm-Tyr, sm-DOPA, and sm-Ser were
dissolved in deuterated chloroform (CDCl3) at a concentration
of 0.07 M and injected into the SFG cell for this study (Figure
3A). In the case of sm-Phe, pure benzene was used for the SFG
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experiment since the spectroscopic features at the −OHsap

region of CDCl3 and sm-Phe are similar. CDCl3 was chosen as
the solvent due to its ability to solubilize the small molecules
and its weaker interaction with sapphire.48

Figure 3B shows the SFG spectra of the hydroxyl region
after adsorption of sm-Phe, sm-Ser, sm-Tyr, and sm-DOPA. All
spectra show a shift toward a lower wavenumber from the
sapphire hydroxyl reference peak position at ν̃0 ≈ 3700 cm−1

(free hydroxyl peak, the black solid line in Figure 3B). From
the multipeak fitting analysis, the SFG spectra of sm-Ser, sm-
Tyr, and sm-DOPA can be divided into two distributions. The
first distribution (lower wavenumber, νS̃) corresponds to the
strongest interaction of −OHsap with the polar groups of the
model compounds (hydrogen bonding interactions) and the
second distribution (higher wavenumber, νw̃) represents the
weaker interactions of −OHsap with the less polar groups of the
compounds or CDCl3. The classification is based on the
knowledge that the higher shift corresponds to stronger

interactions and the strength of hydrogen bonding interaction
is higher than other weak acid−base interactions.69,71

From the highest shifted peak, the enthalpy of the strongest
interaction (ΔHS) of the small molecules per −OHsap was
calculated using eq 3 (Figure 3C). Two key observations were
made from Figure 3C. First, sm-Ser showed the highest
interaction enthalpy [ΔHS, sm − Ser = (11.8 ± 1.1) × 10−21 J]
compared to all other molecules. Second, sm-Phe had the
lowest interaction strength [ΔHS, sm − Phe = (4.1 ± 0.6) × 10−21

J], whereas both sm-Tyr [ΔHS, sm − Tyr = (9.7 ± 0.4) × 10−21 J]
and sm-DOPA [ΔHS, sm − DOPA = (8.2 ± 1.1) × 10−21 J]
showed a higher interaction strength than sm-Phe. SinceWad is
a function of molecular orientation and the number of
interactions at the interface, in the next section, we discuss
the MD simulation results to obtain these parameters.

Determination of the Orientation and Number of
Interactions between the Model Compounds and
−OHsap by MD Simulation. The MD simulations for a
thin layer of model compounds in contact with the

Figure 3. (A) Schematic of the SFG cell used for collecting the SFG spectra between model compounds and the sapphire surface. (B) SFG spectra
(polarization: PPP) of the hydroxyl region (−OHsap, 3100−3800 cm−1) next to model compounds, representing amino acid mimetic groups
conjugated in the MIEs. We have used benzene (sm-Phe), methanol (sm-Ser), phenol (sm-Tyr), and catechol (sm-DOPA) to represent mPhe,
mSer, mTyr, and mDOPA, respectively. The spectra for sm-Ser, sm-Tyr, and sm-DOPA were collected from a 0.07 M solution of the respective
molecule in CDCl3. Pure benzene was used to collect the spectra of sm-Phe. (C) Highest −OHsap peak shift (Δνs̃ = ν0̃ − ν ̃s) observed from SFG
spectra was used for calculating the strongest interaction enthalpy (ΔHs = m Δνs + c) using the Badger−Bauer equation (eq 3) for small molecule
representatives next to sapphire.
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hydroxylated α-Al2O3 surface were performed (simulation
methodology is described in the methods section of the
Supporting Information). To replicate the SFG spectroscopy
experiment, in the MD simulation, sm-Phe was simulated as
pure benzene. The other compounds were simulated as dilute
solutions in CHCl3. Figure 4A−D shows the orientation
distribution (probability of the cosines of the tilt angle, P(cos
θ)) of the bond vectors with respect to the surface normal for
sm-Phe, sm-Ser, sm-Tyr, and sm-DOPA (as shown in the
inset). The distributions are plotted for the molecules in the
interfacial layer. The interfacial layer was defined when the
center of mass was within the first depletion region in atomic
density profiles (Figure S5).56 Azimuthal symmetry is assumed
in all the plots. In bulk, the molecules are randomly orientated
and have a constant P(cos θ) value of 0.02 (for 50 bins used
for plotting the data), suggesting equal probabilities for all the
orientations.
For sm-Phe, the peak at P(cos θ) is at cos θ ≈ 0, suggesting

that the sm-Phe bond vector lies parallel to the hydroxylated
substrate. Further, the orientation distribution of the normal
vector to the plane of the aromatic ring depicts that it is lying
flat on the hydroxylated substrate (Figure S6). The flat
configuration of sm-Phe provides the highest projected area on
the hydroxylated surface, which illustrates that the benzene
molecule tends to interact with multiple hydroxyl groups. The
tilt angle orientation distribution of sm-Ser shows a peak at cos

θ ≈ −0.54 (θ = 123°), displaying that the C−O bond vectors
point toward the hydroxyl groups. The hydroxyl group in sm-
Ser can form hydrogen bonds with the hydroxylated surface to
maximize the enthalpic interactions and this explains the
observed orientation. Notably, the tilt angle orientation
distributions of both sm-Tyr and sm-DOPA exhibited two
peaks (Figure 4C,D). In the case of sm-Tyr, the peaks were
observed at cos θ ≈ −0.78 and −0.14, whereas sm-DOPA
displayed peaks at cos θ ≈ −1.0 and −0.18. The observation of
two peaks in the orientation distribution has been reported
previously.57 The interplay between the dipolar, dispersive, and
hydrogen bonding interactions at the interface often leads to
two or more probable molecular orientations.56 For example,
the peak at lower cos θ (−0.78 for sm-Tyr and −1 for sm-
DOPA) configurations originates from the near perpendicular
orientation of the molecule through which the hydrogen bonds
can be formed at the interfaces. Meanwhile, the broader peaks
at higher cos θ (−0.14 for sm-Tyr and −0.18 for sm-DOPA)
correspond to the orientation where the planar aromatic
groups (Figure S6) interact with the hydroxylated surface
through weaker acid−base interactions. The MD results are
consistent with previous simulation studies.72

The simulation results were further analyzed to find the type
(i) and the number of interactions (ni) that these compounds
make with the surface hydroxyl groups. The average number of
hydrogen bonds through the hydroxyl groups of the molecules

Figure 4. Summary of the molecular orientation of compounds representing different functional groups with respect to the hydroxylated α-Al2O3
surface calculated using MD simulations. Orientation distribution (probability of the cosines of the tilt angle, θ) of the bond vectors (as shown in
the inset) with respect to the surface normal to the hydroxylated surface for (A) sm-Phe, (B) sm-Ser, (C) sm-Tyr, and (D) sm-DOPA. For (B) sm-
Ser, (C) sm-Tyr, and (D) sm-DOPA, the model compounds were simulated as dilute solutions in chloroform. For (A) sm-Phe, pure benzene was
used as a model liquid for the simulations. The systems were chosen to replicate the SFG spectroscopy experiments.
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is obtained using the geometric criteria suggested by Luzar and
Chandler.73 Additionally, the van der Waals projected area is
calculated from the molecular size of the benzene ring and the
average of cos θ normal to the benzene ring (Figure S6).74

Further, the projected area and the surface hydroxyl group
density were utilized to calculate the number of acid−base
interactions with the aromatic part of the molecule.
The sm-Phe molecule does not form hydrogen bonds since

it lacks electronegative atoms. However, the aromatic group
engages in weak acid−base interactions between the π electron
cloud and sapphire hydroxyl groups.58 The average number of
acid−base interactions between different molecules through
the aromatic and hydroxyl groups is summarized in Table 1.

We observed that the aromatic groups of sm-Phe, sm-Tyr, and
sm-DOPA interact through weak acid−base interactions with
∼4.6, 3.7, and 3.7 surface hydroxyl groups, respectively.
Meanwhile, the hydroxyl groups of sm-Ser, sm-Tyr, and sm-
DOPA form ∼1.1, 1.1, and 2.2 hydrogen bonds, respectively
with the hydroxylated surface.
Combining SFG and MD Simulations to Calculate

Overall Interaction Enthalpy. The overall interaction
enthalpy of a molecule with surface hydroxyl groups
(ΔHmolecule) is the sum of the individual weak and strong
acid−base interactions.60,61 The determination of the type of
interactions (i), number of interactions (ni), and enthalpy of a
single interaction (ΔHi) enables the calculation of ΔHmolecule as
described below.60,62 ΔHi can be obtained experimentally from
SFG spectroscopy, and ni can be calculated from MD
simulations.57,58

H n H
i

molecule i i∑Δ = × Δ
(4)

The overall interaction enthalpy between the model small
molecules and hydroxylated Al2O3 surface (ΔHmolecule) was
calculated using eq 4. For sm-Tyr and sm-DOPA, two different
types of interactions were present, a weaker acid−base
interaction between surface hydroxyl groups and aromatic
groups (−OHsap···−πsm) and the hydrogen bonds between
surface hydroxyl groups and phenolic hydroxyl groups
(−OHsap···−OHsm). In such cases, the number of interactions
through the specific group was multiplied by the respective
interaction enthalpy per surface hydroxyl group. For
determining the interaction enthalpy between the aromatic
group and surface hydroxyl group, ΔHS, sm − Phe (Figure 3C)
was used for sm-Phe, sm-Tyr, and sm-DOPA. As the aromatic

groups engage in weak acid−base interactions, the interaction
enthalpies are low, and any small variation in the values (across
sm-Phe, sm-Tyr, and sm-DOPA) would not change the results.
For the hydroxyl groups, the interactions enthalpy per surface
hydroxyl group of respective molecules was used. For example,
in the case of sm-Tyr, the ΔHi between aromatic and sapphire
hydroxyl groups was ∼(4.1 ± 0.6) × 10−21 J (∼ΔHS, sm − Phe),
and the ΔHi between phenol hydroxyl group and sapphire
hydroxyl group was ∼(9.7 ± 0.4) × 10−21 J (ΔHS, sm − Tyr).
There are ∼3.7 of the first type of interactions and ∼1.1 of the
latter type interactions between sm-Tyr and the surface. Thus,
the interaction per sm-Tyr molecule, ΔHmolecule, sm − Tyr
determined from eq 4 was found to be ∼(25.8 ± 2.7) ×
10−21 J. Figure 5 presents a histogram of the calculated overall

interaction enthalpy per molecule. The interaction enthalpy
per molecule (ΔHmolecule) followed the trend sm-DOPA > sm-
Tyr > sm-Phe ≈ sm-Ser. Interestingly, the trend ofWad (Figure
2D) is similar to the trends in ΔHmolecule (Figure 5).

Implication of the Overlap between the Trends in
Wad and ΔHmolecule and Unresolved Questions. From eq
1, the thermodynamic work of adhesion between MIE and
glass can be defined as follows:68

Wad(SG) S G SGγ γ γ= + − (5)

In our study, the surface energies of MIEs are identical (γS,
Figure 1D) and the substrate was constant (γG, glass).
Therefore, the variation in the Wad across the MIEs (Figure
2D) is due to their differences in interfacial energies between
MIEs and glass (γSG). This is with the assumption that the
viscoelastic contributions to the Wad are similar across all four
MIEs. Previously, our group has corroborated the actual
thermodynamic work of adhesion (Wad(0)) of small molecules
with their γSG determined from SFG spectroscopy.59 Based on
this study, we anticipated that SFG spectroscopy will solely
describe the trends of γSG in terms of ΔHs. However, the ΔHs
obtained from SFG spectroscopy data did not align with the
adhesion strength measurements of MIEs (Figure 6).
The MD simulation results show that the projected area on

the substrate surface across the small molecule representatives
is vastly different. The projected area of sm-Ser on the surface
is lower than that of other molecules due to its smaller size and

Table 1. Summary of the Number of Interactions Displayed
by the Small Molecules to the Hydroxylated α-Al2O3
Surfaceb

no. of sapphire hydroxyl groups interacting with the
hydroxyl or aromatic group(s) of the molecule

molecule hydroxyl groups aromatic groupsa

sm-Phe 0 4.60
sm-Ser 1.13 0
sm-Tyr 1.11 3.68
sm-DOPA 2.24 3.70

aThe interaction numbers through aromatic groups were calculated
considering the average of the normal to the aromatic group plane
vector distributions (Figure S6) at the interface and the projected van
der Waals area of the flat benzene ring. bThe results are obtained from
the MD simulations.

Figure 5. Overall interaction enthalpy (ΔHmolecule) of the four
compounds with −OHsap calculated using eq 4. Interaction enthalpies
(ΔHi) were obtained using the SFG data from Figure 3C and the
number density from the MD simulations results in Table 1.
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perpendicular orientation (Figures 4A and 6). Meanwhile, the
molecules with aromatic groups have a larger footprint on the
surface and interact with a greater number of surface hydroxyl
groups. For example, the catechol groups can interact
simultaneously with ∼6 hydroxyl groups on the surface with
∼4 weaker acid−base interactions and ∼2 strong hydrogen
bonds.
The trends of interaction enthalpy per molecule (ΔHmolecule)

calculated from the combination of data from both SFG
spectroscopy and MD simulation correlate with the macro-
scopic adhesion measurement results (Figure 6). The
implications of this correlation are significant. First, it implies
that the subtle changes in the chemistry of pendant functional
groups have significant consequences in the overall interfacial
adhesion. Second, the data from different functional groups
show the importance of the interfacial orientation of the
molecule, the strength of individual interactions, and the
number of interactions. Finally, a cumulative effect of both the
strength and number emerges to provide overall adhesion
strength. These implications explain three key observations in
the adhesion strength measurements. First, the similarity in the
Wad across MIE-mPhe and MIE-mSer shows that ∼4.6
(m u l t i v a l e n t ) w e a k a c i d− b a s e i n t e r a c t i o n s
(−OHsap···−πMIE‑mPhe) have the same effect as ∼1.1 strong

acid−base interaction (−OHsap···−OHMIE‑mSer). The second
observation is that MIE-mTyr has a two-fold higher adhesion
strength when compared to MIE-mPhe, although the total
number of interactions in sm-Phe (Σ ni ≈ 4.6) and sm-Tyr (Σ
ni ≈ 4.8) is similar. The increased Wad of MIE-mTyr is a result
of the strong −OHsap···−OHMIE‑mTyr interactions that con-
stitute ∼25% of the total ni, and 37% of ΔHmolecule, which are
absent in MIE-mPhe. Finally, the MIE-mDOPA showed the
highest adhesion strength. The synergistic action of both
multivalent weak (46% of ΔHmolecule) and strong (54% of
ΔHmolecule) acid−base interactions provides the highest Σ ni
and ΔHmolecule, resulting in the highest Wad for MIE-mDOPA.
The contribution of weak interactions between aromatic

groups and the surface is often neglected in the literature.13,21

The calculations of ΔHs from SFG spectroscopy often neglect
the weak interactions. We think that the mismatch between the
trends in ΔHs and ΔHmolecule originates from the omission of
the contributions from weak interactions and the inability to
accommodate ni while calculating ΔHs. Our results demon-
strate that the weak acid−base interactions can play an equally
important role as the strong interactions while determining the
overall adhesion strength.
From AFM and SFA studies, the adhesion strength of

DOPA-functionalized polymers to TiO2 and mica surfaces has

Figure 6. Adhesion mechanism of MIEs with hydroxylated surfaces. The macroscopic adhesion strength (Wad, violet square) measured from the
JKR model interfacial adhesion follows the trend of overall interaction enthalpy per molecule (ΔHmolecule, orange pentagon) measured from the
combination of SFG spectroscopy and MD simulations. A synergistic effect of the type of interaction (i), number of interactions (ni), and their
combined strength provide mussel-inspired functional groups their respective interfacial adhesion strength. The three-dimensional schematic of the
bottom represents the interaction modes of the amino acid pendant groups to the hydroxylated Al2O3 surface. Both side (top) and top (bottom)
views are drawn to visualize the orientation of the functional groups next to the surface. The dashed-line (side view) and circle (top view) shaded
with sky blue represent the weak −OHsap···−πMIE interactions. The dashed-line (side view) and circle (top view) shaded with red represent strong
−OHsap···−OHMIE interactions. Phe interacts with the surface using −OHsap···−πMIE only. Tyr and DOPA interact with the surface through both
−OHsap···−πMIE and −OHsap···−OHMIE.
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been reported to be greater than the corresponding Tyr or Phe
variants.13,23,24,75 It has been proposed that the ability of
DOPA units to form coordination bonds to TiO2 surfa-
ces13,21,22 and bidentate hydrogen bonds to mica surfaces18,75

is the factor for the superior adhesion strength of DOPA-
conjugated molecules. Another frequent observation discussed
in the literature is the similarity in the adhesion strength across
Tyr and Phe.23,24 The inability of Phe and Tyr to form
bidentate interactions to surfaces is proposed to be the reason
for their identical adhesion strength. In our study, interestingly,
MIE-mTyr (Wad = 0.79 ± 0.12 J/m2) showed a lower adhesion
strength than MIE-mDOPA, and the adhesion strength of
MIE-mTyr was two-fold higher than that of MIE-mPhe.
Further studies on mica and TiO2 surfaces are necessary to
resolve this anomaly in these results. From Table 2, it is
evident that the weaker −OHsap···−πTyr (63%) contributes
more to the overall strength of MIE-mTyr than a stronger
−OHsap···−OHTyr (37%) interaction, indicating the impor-
tance of emergent multivalent interactions in determining the
overall adhesion strength.
We recognize that correlating the adhesive properties of an

elastomer made from multifunctional units to thermodynamic
interaction parameters derived from their smaller building
blocks required some critical assumptions. Notably, the trend
of Wad did not correlate with the trend of ΔHmolecule/unit area
(Figure S7). The effect of the other molecules in the backbone
and side chain of the MIPs is assumed to be negligible
throughout our study. The differences in interaction between
different variable groups and other common functional units
across MIPs may influence the interfacial orientation of
variable groups. For example, the interaction between
coumarin and aromatic groups across MIE-mPhe and MIE-
mDOPA can be different. Recently, it was shown that the
subtle changes in functional groups in the polymer backbone
can alter the adhesion behavior of synthetic polymers and
proteins.76,77

In this study, the entropic constraints of the polymer chains
are neglected during the simplification of polymers to small
molecules. A consequence of this is the assumption that the
interfacial segregation of functional groups across the MIEs be
similar. One can imagine that the orientation of the small
molecules when adsorbed to a surface could be different from
when the molecules are tethered to a polymer. Despite the
assumptions, it is interesting that the qualitative trends are
captured by only considering the molecular repeat unit. In the
future, an investigation using MD simulation with polymer
chains is necessary to verify the implications of these
assumptions.

■ CONCLUSIONS
In conclusion, by synthesizing MIEs appended with Phe, Ser,
Tyr, and DOPA mimetic functional groups, we have addressed
the role of aromatic and hydroxyl groups in influencing

adhesion strength to surfaces with −OH groups. The JKR
model adhesion strength measurement shows that the Wad

follows the trend: MIE-mDOPA > MIE-mTyr > MIE-mPhe ≈
MIE-mSer. We found that the adhesion strength does not
correlate with the sequence of the strongest interaction
enthalpy obtained from SFG spectroscopy (ΔHs: sm-Ser >
sm-Tyr > sm-DOPA > sm-Phe). Instead, both the numbers of
strong and weak acid−base interactions with surface hydroxyl
groups per molecule predict the trend in adhesion strength.
For example, sm-Ser interacts with the surface exclusively
through hydrogen bonding, whereas sm-Tyr and sm-DOPA
interact with the surface using both weak acid−base interaction
and hydrogen bonding.
The enthalpy of interaction per molecule (ΔHmolecule)

calculated from combining the results from both MD
simulation and SFG spectroscopy correlates with Wad. The
coalescence of dual-modal (weak and strong interactions),
multivalent interactions of aromatic and hydroxyl groups with
surface hydroxyl groups provides higher adhesion strength for
both MIE-mTyr and MIE-mDOPA. The additional hydroxyl
group in the DOPA compared to Tyr brings ∼1.1 additional
−OHsap···−OHMIE interactions to MIE-mDOPA compared to
MIE-mTyr, leading to the higher Wad of MIE-mDOPA. The
study depicts an effective identification of molecular
parameters that govern the macroscopic adhesion behavior of
elastomers. This understanding can help guide us in
developing stronger adhesives by designing molecular units
that can synergistically use both strong and weak acid−base
interactions to increase the adhesion strengths.
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Table 2. Summary of the ΔHmolecule and Their Percentage of Contributions from Weak (−OHsap···−πsm) and Strong
(−OHsap···−OHsm) Acid−Base Interactions

contribution of ΔHmolecule from

molecule ΔHmolecule (× 10−21 J) −OHsap···−πsm (%) −OHsap···−OHsm (%)

sm-Phe 18.9 ± 2.8 100 0
sm-Ser 13.3 ± 1.2 0 100
sm-Tyr 24.8 ± 2.6 63 37
sm-DOPA 33.8 ± 4.6 46 54
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