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ABSTRACT: The adsorption configuration of organic mole-
cules on mineral surfaces is of great interest because it can
provide fundamental information for both engineered and
natural systems. Here we have conducted surface-enhanced Raman
spectroscopy (SERS) measurements to probe the attachment
configurations of DOPA on nanorutile particles under different pH
and surface coverage conditions. The Raman signal enhancement
arises when a charge transfer (CT) complex forms between the
nanoparticles and adsorbed DOPA. This Raman signal is exclu-
sively from the surface-bound complexes with great sensitivity to
the binding and orientation of the DOPA attached to the TiO2
surface. Our SERS spectra show peaks that progressively change with pH and surface coverage, indicating changing surface speciation. At
low pH and surface coverage, DOPA adsorbs on the surface lying down, with probably three points of attachment, whereas at higher pH
and surface coverage DOPA stands up on the surface as a species involving two attachment points via the two phenolic oxygens. Our
results demonstrate experimentally the varying proportions of the two surface species as a function of environmental conditions consistent
with published surface complexation modeling. This observation opens up the possibility to manipulate organic molecule attachment in
engineered systems such as biodetection devices. Furthermore, it provides a perspective on the possible role of mineral surfaces in the
chemical evolution of biomolecules on the early Earth. Adsorbed biomolecules on mineral surface in certain configurations may have had
an advantage for subsequent condensation reactions, facilitating the formation of peptides.

1. INTRODUCTION

The mechanism by which amino acids attach to mineral sur-
faces is important for understanding bioadhesion, biomineraliza-
tion, and potentially the origin of life. One mechanism of
bioadhesion occurs through proteins that contain the amino
acid dihydroxyphenylalanine (DOPA).1−4 This molecule is a
member of the enediol family, which is also of great interest in
the development of solar cells involving titanium dioxide and in
biomedical imaging5−7 because of the formation of a strong
charge transfer complex when attached to nanosized semi-
conductor materials. In particular, our understanding of the
mechanism of DOPA adsorption onto oxide surfaces as a func-
tion of environmental conditions is currently limited. In spite of
the potential relevance, there are few experimental studies that
have established the pH-dependent configuration of biomole-
cules at the mineral−water interface. There have been measure-
ments of the adsorption of DOPA-like molecules such as
catechol, dopamine, and 3,4-dihydroxyhydro hydrocinnamic
acid (DHCA) using ATR-FTIR and surface-enhanced Raman
spectroscopy (SERS), but under a limited range of environmental
conditions.8−11 Consequently, these studies observed only a single

surface species, specifically one in which inner-sphere attachment
occurs through the phenolic oxygens.
Measurements have been reported for DOPA adsorption on

well-characterized rutile particles over a range of pH, ionic
strength, and surface coverage and have been described using a
surface complexation model establishing the stoichiometry,
surface speciation, and thermodynamic equilibrium constants.12

According to this model, at pH ∼3 a DOPA species involving
four attachment points (“lying down”) is predominant, whereas
at pH ∼6 a species involving two attachment points via the
phenolic oxygens (“standing up”) predominates. The standing-up
species is expected to be particularly important when DOPA is
included as a constituent of proteins. This particular study also
suggested that in the standing-up configuration (i.e., one strong
bond and one weak one), DOPA may be able to “walk” across
the rutile surface in water, which may help the development of
reversible adhesives in water.13−17 However, to date, there has
been no direct experimental evidence of such surface species.
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Here, we studied the attachment modes of DOPA on nano-
rutile surfaces directly by using surface-enhanced Raman spec-
troscopy under a range of environmental conditions. It has
been shown that certain molecule-functionalized metal oxide
semiconductor nanoparticles exhibit enhanced Raman scatter-
ing.11,18−20 This enhancement arises from the formation of a
charge transfer (CT) complex between the nanoparticle and
the molecule. This complex produces resonance Raman scat-
tering when it absorbs light at the excitation frequency.19 The
signal is specific to the surface complex without detectible
contributions from components/atoms of the substrate or the
aqueous DOPA in the surrounding medium, providing an excep-
tional surface-specific method for studying how adsorption might
change with environmental conditions. Below we report results
that show directly how the pH and surface coverage affecting the
configuration of surface complexes can be monitored with SERS.

2. MATERIALS AND METHODS
2.1. Nano-TiO2 Preparation. A suspension of TiO2 nanoparticles

was prepared by the dropwise addition of titanium(IV) chloride (Alfa
Aesar, 99.9%) to chilled deionized water.21 Assuming that all hydrated
Ti forms TiO2, we calculated the concentration of TiO2 to be 128 mM
(10.3 g/L TiO2). The initial crystallization product in this type of
synthesis is normally anatase, which transforms to rutile over time.22,23

Consequently, the solution was aged at 4 to 5 °C for 2 weeks for com-
plete conversion to rutile while maintaining slow particle growth21,22

prior to the adsorption experiments.
2.2. Experimental Procedure. All solutions were prepared using

milli-Q water (millipore resistance 18.2 MΩ). DOPA (L-3,4-dihydrox-
yphenylalanine) was purchased from Acros Organics (99% purity).
DOPA solutions were freshly prepared prior to each experiment. The
DOPA solutions were sonicated for at least 20 min and visually checked
prior to use in order to ensure complete dissolution. All solutions and
samples containing DOPA were wrapped in aluminum foil in order to
avoid degradation from exposure to light.
Suspensions of 10.3 g/L TiO2 nanoparticles in water at pH ∼1 were

first sonicated to disperse the particles. Following this, known concen-
trations of DOPA were added. The pH was immediately adjusted to 2,
4, or 6 using aqueous NaOH. The highest pH studied was limited to 6
as DOPA tends to oxidize under higher-pH conditions.12 In the case of
the pH 6 solutions, two additions of NaOH were used as the pH is
close to the point of zero charge (pHPZC). First, the pH was increased
substantially using concentrated NaOH (∼10.3M), and then it was
fine-tuned to pH ∼6 using a more dilute solution (0.1 M). As soon
as the DOPA was added to the TiO2 suspension, an orange charge-
transfer complex was observed. This orange color became more
intense as the DOPA concentration increased. Once the solution was
prepared, it was stored in a N2 glovebox to inhibit DOPA oxidation
prior to the Raman measurements. The suspensions containing the
surface complexes were transferred to glass slides, each with a single-
well depression. About 60 μL of the sample was transferred into the
well and then covered with a glass coverslip. Raman measurements
were performed less than half an hour after the samples were prepared.
A total of 15 solutions were tested in this manner at pH values of ∼2,
4, and 6 and at DOPA concentrations of 0.63, 3.12, 6.25, 12.5, and
25.0 mM at each pH. We kept the concentration of TiO2 particles at
0.125 M.
2.3. Raman Measurements. Raman measurements were

performed at the Center for Nanoscale Materials (CNM) at Argonne
National Laboratory using confocal Raman spectroscopy and at the
Geophysical Laboratory (GL), Carnegie Institution of Washington.
Raman spectra were recorded using 514 nm laser excitation. The
Raman setup at CNM employed a microscope-coupled spectrograph
(Reinshaw inVia) and a Priceton Instruments Spec 10:400BR detector
with Semrock filters for laser line filtering. Typical spectra acquisi-
tion parameters included 20 accumulations for 30 s, a 50× objec-
tive, and 4.4 mW laser power. Preliminary data were collected at the
Geophysical Laboratory. The Raman setup at GL employed a Witec

α-scanning near-field optical microscope that was customized to
incorporate confocal Raman spectroscopic imaging. Objective lenses
used included a ×100 LWD and a ×20 LWD with a 50 μm optical
fiber. Spectra were collected on a Peltier-cooled Andor EMCCD chip
after passing through a f/4 300 mm focal length imaging spectrometer.
All spectra reported in the figures were measured at CNM.

3. RESULTS AND DISCUSSION
The rutile nanoparticles we synthesized consisted of pure rutile
as confirmed by X-ray diffraction and were similar to previously
synthesized samples using the same method.22,23 A TEM image
of the particles is shown in Figure 1S where, under dry
condition, clusters of particles exist that appears to contain rods
of about 10−20 nm in length and 5 nm in diameter. Assuming
cylindrical rods of 10 nm length corresponds to a very
approximate estimate of the surface area of about 53 m2 g−1.
Given the range of aqueous DOPA concentrations we used,
from 0.63 to 25 mM, the maximum possible surface coverages
(assuming 100% adsorption) range from 1.2 to 47 μmols m−2.
Previous batch adsorption measurements indicate much less
than 100% adsorption and actual adsorption values of up to
about 1.5 μmols m−2 on a different sample of rutile.12

A representative spectrum is shown in Figure 1 for a pH of 6 at a
DOPA concentration of 6.25 mM. This spectrum is almost identical

to the published spectrum of dopamine (ref 11, Figure 1A).
Consequently, we have adopted the same assignments for the
major peaks seen under these particular conditions, as indicated
in the summary in Figure 1. The close resemblance of the spec-
trum of dopamine suggest that at a pH of 6 the DOPA is
standing up on the surface. The Raman enhancement derived
from enediol molecules on the surface of TiO2 nanoparticles is

Figure 1. Representative SERS spectra of DOPA on TiO2, and
6.25 mM DOPA coverage at a pH of 6. This spectrum is almost identical
to the dopamine on the TiO2 spectrum in ref 11, indicating a similar
adsorption configuration of DOPA on the TiO2 surface through two
phenolic oxygens.
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about 1000.24 The signal is exclusively from the surface-bound
complex and, in particular, only those atoms of the ligands in
immediate contact with the surface. Therefore, if the bound
molecule changes its configuration (e.g., from “standing up” to
“lying down”), then different parts of the molecular structure
will contribute to the SERS spectrum. Consequently, the SERS
signal becomes a highly sensitive in situ probe for the study of
adsorption configurations. The Raman signals observed in this
study were highly reproducible under all conditions and showed
consistent results throughout the experiments.
3.1. Effect of pH. In spite of the importance of the organic−

inorganic interface in water, our understanding of the pH
dependence of adsorbed surface species of organic molecules on
mineral surfaces is still in its early stages. The adsorption con-
figuration of organic molecules is important as it can influence a
number of fields such as the optimization of detection sensitivity
in the development of biodetectors for imaging. In what follows,
we first address how the adsorption properties of DOPA change
with pH and examine the systematic changes in the SERS
spectra. We also address how different functional groups
preferentially interact with the surface as a function of pH by
comparing the adsorption spectra of DOPA-like molecules from
the enediol family.
3.1.1. Protonation Properties of Aqueous DOPA and TiO2

and Predicted Surface Speciation of DOPA. The pH-dependent
protonation states of aqueous DOPA are summarized in Figure 2a.

Below a pH of about 2.2, DOPA is fully protonated and exists as
a +1 cation. Between pH values of 2.2 and 8.8, DOPA exists in
a zwitterionic form where the carboxylic group is deprotonated.
Above a pH of 8.8, one hydroxyl group deprotonates, yielding a net
charge of −1.25

We previously demonstrated that nanorutile powder has a
point of zero charge of 5.4.26 Therefore, below pH 5.4, the
surface has more positively charged sites further away from the
pHPZC and vice versa for pH above 5.4 (Figure 2a). Although
the TiO2 particles (10−20 nm) that we used in the current
study are smaller than those used for the pHPZC measurement
(100−400 nm), this value of pHPZC is expected to be close,
possibly a bit higher in pH. This is analogous to the studies of
iron oxide nanoparticles whose point of zero charge tends to
increase with decreasing particle size.27

Even though DOPA exists as a zwitterion between pH values
of 2.2 and 8.8, bulk adsorption measurements show that it
adsorbs strongly on rutile in this pH range.12 Similarly, studies
of the functionally related molecules catechol, dopamine, and
hydrocinnamic acid also adsorb strongly in this pH range on
oxide minerals. Furthermore, ATR-FTIR and SERS spectro-
scopic studies indicate that adsorption takes place through the
phenolic oxygens.8−11 On the basis of the protonation prop-
erties summarized above, it is conceivable that at low pH where
the TiO2 surface is largely positively charged, DOPA may have
an additional interaction with the surface via the negatively
charged COO− functional group, in addition to the two phenolic
oxygen attachment points. Surface complexation modeling of the
adsorption of DOPA on rutile is consistent with an expected
change in surface speciation from lower to higher pH.26 The two
predicted model species are shown in Figure 2b. At low pH,
DOPA was interpreted to be lying down on the surface attached
through the phenolic oxygens and the carboxylate oxygens. In
contrast, at higher pH DOPA was interpreted to be standing up
on the surface, attached only through the phenolic oxygens.

3.1.2. pH Effect for Adsorbed DOPA on TiO2. A strong pH
effect is clearly shown in our spectra (Figure 3). As indicated
above, at pH 6 our spectrum is essentially identical to that of
dopamine on TiO2. This strongly suggests that just like dopamine,
DOPA is attached through the phenolic oxygens and is standing
up on the surface (e.g., Figure 2b). As the pH decreases to 2, it can
be seen in Figure 3a that the broad peak at about ∼1680 cm−1

increases significantly in intensity. Additionally, a new peak
appears at about ∼1301 cm−1 that gradually grows in intensity
with decreasing pH. These two distinctive changes can also be
seen in Figure 3b where the spectra are superimposed. For
other surface coverages, the response of the ∼1301 cm−1 peak
was not so sensitive for the transition from pH 4 to 6, but there
was always a distinctive difference when comparing pH 2 and 6
for all five surface coverage conditions (Figure 2S). These
spectral changes indicate that at the lower pH values there is a
change in the way that DOPA is attached to the surface com-
pared to that at pH 6.
Because of the intrinsic complexity of a Raman signal involv-

ing even relatively simple organic molecules such as DOPA, we
decided to use a simple ratio approach to quantify the changes
in the 1301 and 1680 cm−1 peaks. We compared the changes in
peak area by simply delineating the peaks at constant wave-
number limits (drop integration) and compared the peak areas
at different experimental conditions after normalizing to the
area of the 1498 cm−1 peak. The 1498 cm−1 peak was chosen
for normalization because it is observed to respond consistently
in relative intensity under the pH and surface coverage condi-
tions. The calculated changes in the 1680/1498 and 1301/1498
area ratios are displayed in Figure 3c,d, respectively.
It can be seen in Figure 3c,d that the peak area ratios of

1301/1498 and 1680/1498 display some scatter as a function of
pH, but overall they show systematic decreases with increasing

Figure 2. (a) Protonation properties of DOPA and TiO2. (b) Previously
proposed DOPA surface species as a functions of pH (ref 12).
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pH. The magnitudes of both of the peak ratios decrease from
pH 2 to 6, consistent with what can be seen in the full spectra
in Figure 3a,b. Again, this is consistent with a systematic change
in the mode of attachment of the DOPA to the surface as a
function of pH. An interpretation of these changes is discussed
below.
3.2. Effect of Surface Coverage. In addition to pH effects,

we also examined how the DOPA surface loading affects the
Raman signal. When molecules are adsorbed on mineral sur-
faces more densely, it is possible that lateral interactions among
the molecules or changes in the charge distribution at the inter-
face could occur, leading to differences in adsorption configura-
tions manifested by additional surface complexation reactions.
In fact, in our previous study of batch adsorption of DOPA on
TiO2, it was predicted from the surface complexation modeling
that with increasing surface coverage the DOPA attachment
changed from “lying down” to “standing up”.
It can be seen in Figure 4a that as more DOPA is adsorbed

on the TiO2 surface the Raman signals in the range of 1100 to
1540 cm−1 generally become stronger (although there is a
minor reversal for 6.25 and 12.5 mM in the range from 1250 to
1350 cm−1). However, at ∼1680 cm−1 the exact opposite
behavior is displayed. That is, as the surface coverage of DOPA
increases, the peak size systematically decreases.
In Figure 4b, at pH 6, it can be seen that as the DOPA con-

centration increases, the spectra again show systematic and signifi-
cant changes. Raman signals in the range of 1100 to 1540 cm−1

overall exhibit a stronger signal but without the 1301 cm−1 peak, as
anticipated. In contrast, at ∼1680 cm−1 the trend is exactly

reversed, as for pH 2. At high surface coverage (e.g., 12.5 and
25 mM), the peak size reduction is very distinctive, again
consistent with DOPA standing up on the surface at pH ∼6
and high surface coverages. The decrease for the ∼1680 cm−1

peak in Figure 4b is strong because it is favored both by the
high pH (Figure 3b) and the high surface coverage.
The calculated changes in the 1680/1498 and 1301/1498

area ratios as a function of surface coverage at pH 2 and 6 are
displayed in Figure 4c,d, respectively. First, it can be seen in
Figure 4c that the ∼1301 cm−1 peak shows a rather insensitive
response to surface coverage changes. Increasing surface
coverage results in a rather constant ratio for the 1301/1498
areas, except at low coverage at pH 2, where a different type of
surface species is assumed. As for the 1680/1498 ratio, it shows
a clear trend with increasing surface coverage. The ratio decreases,
signifying more surface species standing up. This simple analysis
highlights the overall changes in peak size as a function of pH and
surface coverage.
Additionally, it can be seen in Figure 4b that two small, sharp

peaks around 1580−1600 cm−1 appear at the highest surface
coverages. These two peaks appeared only at pH 6 and high
surface coverage. We speculate that these peaks originate from
the lateral interactions of densely populated DOPA molecules
on the rutile surface while the molecule is standing up on the
surface.

3.3. Attachment Mechanisms. In this section, we inter-
pret the above observations from a molecular point of view. It
is well known that the two phenolic oxygens play a key role
in the adsorption of molecules in the catechol family (Table 2).

Figure 3. SERS spectra at pH values of 2, 4, and 6 with 6.25 mM DOPA loading showing changes in spectra with increasing pH. (a, b) As the pH
increases, progressive reduction of the peaks at 1301 and 1680 cm−1 are observed. (c) Ratios of 1301/1498 cm−1 under the three pH conditions
with varying DOPA concentrations. For all DOPA concentrations, as the pH increases from 2 to 6, the peak ratios gradually decrease. (d) Ratios of
1680/1498 cm−1 under the three pH conditions for varying DOPA concentrations. With increasing pH, the peak ratios decrease.
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As already indicated, at a pH of 6 the SERS spectrum contains
peaks that are identical to those of previously published

dopamine, which is known to adsorb standing up attached only
by the phenolic oxygens. Consequently, it is clear that DOPA at

Figure 4. SERS spectra at DOPA concentrations of 0.63 to 25 mM. (a) At a pH of 2, the ∼1680 cm−1 peak, where the vibration is mainly generated
by the aromatic ring, decreases with increasing DOPA concentrations. This observation indicates that as the surface coverage increases, the
interaction between the surface and aromatic ring become weaker. (b) At a pH of 6, similar changes occur, which is consistent with the standing-up
species remaining dominant. (c) Peak ratio of 1301 cm−1/1498 cm−1 as a function of DOPA surface coverage under different pH conditions. These
peak ratios are relatively insensitive to surface coverage except for low pH conditions. (d) The peak ratio of 1680 cm−1/1498 cm−1 decreases as a
function of DOPA surface coverage, indicating a weaker interaction between the surface and the aromatic ring with increasing surface coverage.

Table 1. Chemical Structures of Enediol Molecules Considered in This Study
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a pH of 6 or at high surface coverage is also standing up on the
surface. This surface species is consistent with the inference
from surface complexation modeling (Figure 2b). However, at low
pH, the systematic changes in the SERS spectra documented
above strongly indicate that an alternate surface species dominates
under these conditions.
At low pH, the principal changes in the SERS spectra involve

the increased intensity of the 1680 cm−1 peak and the appear-
ance of the 1301 cm−1 peak. The 1680 cm−1 peak mainly reflects
the interaction between the aromatic ring and the TiO2 surface.
The increased intensity of this peak at low pH suggests that the
aromatic ring is close to the surface in the attachment mode at
pH 2. This is consistent with the DOPA molecule lying down on

the surface. This observation is consistent for all surface
coverage conditions.
The appearance of the 1301 cm−1 peak at low pH may

indicate an additional interaction between DOPA and the
surface. If DOPA lies down on the surface under these condi-
tions, then the carboxylate of the DOPA or the protonated
amine group (−NH3

+) or both may interact with the rutile
surface. In either case, this is consistent with the evidence from
the 1680 cm−1 peak, as discussed above, that suggests that at
low pH DOPA is lying down on the surface. Again, this is
consistent with the previously published surface complexation
modeling suggesting that DOPA molecules adsorb lying down
on the surface at low pH. For example, the attachments shown

Table 2. End Member Analysis: Calculated Fractions of Surface Species for Each pH and DOPA Concentration

pH 25.0 mM 12.5 mM 6.25 mM 3.13 mM

6 0.00 1.00 0.25 0.75 0.70 0.30 0.90 0.10
4 0.55 0.45 0.75 0.25 0.80 0.20 0.90 0.10
2 0.70 0.30 0.78 0.22 0.94 0.06 1.00 0.00

lying down standing up lying down standing up lying down standing up lying down standing up

Figure 5. Calculated fractions of the two surface species as functions of pH and surface coverage based on the end-member analysis described in the
text. (a) The fraction of standing-up species under different pH conditions for varying DOPA surface coverage. Generally, the fraction of standing-up
species increases with increasing pH. For high-coverage conditions (e.g., 100 and 200%), the increase is more intense combined with the high-pH
effect, where the standing-up species is already favored, as compared to lower-coverage conditions. (b) The fraction of lying-down species under
different pH conditions for varying DOPA surface coverages. The fraction of lying-down species decreases with increasing pH. For high-surface-coverage
conditions, the fraction decreases more drastically as compared to that for lower-surface-coverage conditions because of the combined effect of pH and
surface coverage, both of which favor the standing-up species. (c, d) Surface speciation fractions expressed as a function of the surface coverage for each
pH condition. As the surface gets more crowded, the fraction of standing-up species increases. Because of the combined pH and surface-coverage effects,
at high surface coverage the trend is intensified.
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in Figure 2b for DOPA lying down involve two phenolic
oxygens involving Ti−O−C bonds and additional interactions
via a Ti−O−C and a Ti−OH2···O−C hydrogen bond, possibly
via the deprotonated carboxylic group (COO−).
To investigate this possibility further, we examined the

Raman signals of other DOPA-like molecules adsorbed on
nano-TiO2 (Table 1) using previously published measurements
at low pH values (∼1).11 First, pyrocatechol, a benzene ring
with two hydroxyl groups at the 3 and 4 positions and no other
functional groups, is known to adsorb via the two hydroxyl
groups. Its overall spectrum shows a very similar pattern to
DOPA except that there is no sign of the peak at ∼1301 cm−1.
Similarly, the spectrum of dopamine, which has an amine group
but no carboxylic group, also clearly lacks the 1301 cm−1 peak.
The overall spectrum is very similar to that of pyrocatechol,
slightly shifted to higher frequency and with a lower intensity.
These observations suggest that the 1301 cm−1 peak in the
DOPA spectra is coming from the carboxylic−surface inter-
actions. This speculation is further supported by the spectrum
of 3,4-dihydroxyhydro cinnamic acid (DHCA), which is
structurally very similar to DOPA because it has a carboxylic
group but no amine group. The spectrum of DHCA on TiO2
clearly shows a 1301 cm−1 peak, albeit smaller than that for
DOPA. Finally, a number of studies suggest that the amine
group in amino acids does not interact with oxide surfaces; the
interaction points are almost always via carboxylic
groups.26,28−32 These observations lead us to conclude that at
low pH the DOPA molecules attach to the surface through the
phenolic groups with an additional point of interaction that is
most likely via the carboxylic group. This surface species appears
to be favored at lower pH and under low surface coverage
conditions.
In summary, we conclude that at low pH and low surface

coverage DOPA molecules attach to the surface lying down
approximately parallel to the surface with at least three points of
attachment. At higher pH and higher surface coverage, DOPA
attaches standing up, orthogonal to the surface, with two points
of attachment via the two phenolic oxygens (Figure 2b). To be
clear, two surface species are always present as surface complexes;
only the ratios differ depending on the environmental conditions.
3.4. Distribution of Surface Species: End-Member

Analysis. To quantify the amounts of the two surface complex
species as a function of pH and surface coverage, we attempted
to fit our spectra using two end-member spectra and by assum-
ing the additivity of the spectra. At a pH of 2 with 3.13 mMDOPA,
we assumed that only the lying-down species contributes to the
spectrum. At a pH of 6 with 25 mM DOPA, we assumed that only
the standing-up species contributes to the spectrum. The propor-
tions of each in the SERS spectra were adjusted to find the best fits.
In most cases, a combination of the two end members fit the SERS
spectra very satisfactorily (Figure 3S). The results are summarized
in Table 2 and Figure 5.
It can be seen in Figure 5 that the calculated fractions of

two surface species vary significantly. In general, proportionally
more lying-down species are observed at lower pH and lower
surface coverage whereas standing-up species become more
dominant at higher pH and higher-surface-coverage conditions.
At a pH of 6, the combined pH and high-surface-coverage
conditions favor a sharp increase in the standing-up species. At
the same time, we observed a simultaneous sudden decrease in
the lying-down species at pH ∼6 and a more smooth decrease
under lower pH conditions (Figure 5a,b). When the species frac-
tions are expressed as a function of coverage, the standing-up

species increases with increasing coverage and the lying-down
species decreases with increasing coverage. The combined effects
of pH and surface coverage intensify the trends at higher pH and
coverage as shown in Figure 5c,d.

4. CONCLUDING REMARKS
In summary, our SERS spectra clearly reveal the distinct bind-
ing and orientation of DOPA on the rutile (TiO2) surface over
a wide range of pH values and surface coverages. The data
suggest that the surface-enhanced Raman spectra indicate the
attachment mode of the molecules with high sensitivity to the
environmental conditions. Two surface complex species are
inferred to be present (Figure 6), and the proportions vary
systematically depending on the experimental conditions.
The ability to characterize the orientation and binding mecha-

nism of organic molecules at the mineral−water interface under in
situ conditions has potential in a wide variety of applications. The
systematic changes in the SERS spectra that we observed can
potentially be adapted for the optimization of biodetection or
biological recognition devices. Furthermore, the potential of having
different modes of attachment under a given set of environmental

Figure 6. Proposed surface species of DOPA on a nanorutile particle.
(a) Standing up orthogonal to the surface, with two points of
attachment via the two phenolic oxygens. This species is favored at
higher pH (∼6) and higher-surface-coverage conditions. (b) Lying-
down species parallel to the surface possibly having at least three
points of attachment. This species is favored at lower pH (∼2) and
lower-surface-coverage conditions.
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conditions suggests the possibility of tuning certain chemical
reactions. For example, under early Earth conditions, certain attach-
ment modes of amino acids might have favored condensation
reactions on mineral surfaces, thereby contributing to the evolution
of primitive biomolecules.31
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