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Kinetics of Catechols Binding to Colloidal ZnO Quantum Dots
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Abstract: Assumption-free and in situ resolving of the kinetics
of ligand binding to colloidal nanoparticles (NPs) with high
time resolution is still a challenge in NP research. A unique
concept of using spectra library and stopped-flow together with
a “search best-match” Matlab algorithm to access the kinetics
of ligand binding in colloidal systems is reported. Instead of
deconvoluting superimposed spectra using assumptions, spe-
cies absorbance contributions (ligand@ZnO NPs and ligand in
solution) are obtained by offline experiments. Therefrom,
a library of well-defined targets with known ligand distribution
between particle surface and solution is created. Finally, the
evolution of bound ligand is derived by comparing in situ
spectra recorded by stopped-flow and the library spectra with
the algorithm. Our concept is a widely applicable strategy for
kinetic studies of ligand adsorption to colloidal NPs and a big
step towards deep understanding of surface functionalization
kinetics.

Surface functionalization of colloidal nanoparticles (NPs) by
organic or inorganic ligands has been widely applied. How-
ever, resolving the interplay between particle surface and
ligand is still highly challenging."! Although a variety of
methods have been established to investigate the ligand
adsorption, little is known about the kinetic aspect in colloidal
NP systems.

There are some case studies on kinetics of ligand
adsorption to colloidal particles, which include (1D, 2D,
continuous) nuclear magnetic resonance (NMR),? electron
paramagnetic resonance (EPR),P! UV/Vis spectroscopy,!
time-correlated single photon counting spectroscopy
(TCSPC),”" photoluminescence (PL),® resonance -elastic
light scattering (RELS),! and surface-enhanced Raman
scattering (SERS),®! as well as gas chromatography (GC)
for the supernatant.[g] However, all these strategies suffer
from one or more of the following disadvantages: 1) the
required assumption that the extremum of the signal corre-
sponds to full coverage is not necessarily correct, as adsorp-
tion sites might be blocked by steric hindrance or ligands
remaining from synthesis; 2)low time resolution; 3)no
defined target property of functionalized NPs that can be
quantitatively evaluated (most of the approaches are based
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on colloidal gold particles which have as a kind of fortunate
singularity only one well-defined surface plasmon resonance
(SPR) peak); and 4) tedious sample preparation. Therefore,
none of these methods is generally applicable for time-
resolved kinetics in colloidal particle-ligand systems. Mean-
while, knowledge of adsorption kinetics is of vital importance
regarding the generation of NPs with specific surface proper-
ties in applications. Therefore, assumption-free, direct access
of bound and free ligand with high time resolution is urgently
needed.

To address this important question, a widely applicable
strategy to study the kinetics of ligand adsorption to colloidal
surfaces was established by using spectra library. To show the
capability of this approach, it is applied on catechol derivative
(ethyl-3,4-dihydroxybenzoate (CAT), Figure 1-I inset) bind-
ing to ZnO quantum dots (QDs). ZnO is of high technical
relevance and has not been studied quantitatively in terms of
ligand adsorption kinetics. CAT was chosen as it is an
excellent candidate anchor group in biomedical applications
and dye-sensitized solar cells (DSSCs).'” Moreover, the
interaction between ZnO and CAT changes the extinction
coefficient of both, ZnO QDs and bound CAT. As indicated
by two black vertical lines in Figure 1-II, the two peaks of free
CAT show a clear red-shift that is due to the electron
delocalization over the aromatic ring that occurs when CAT
molecules bind to the ZnO surface.'"* Thus, on the one hand,
CAT@ZnO can be seen as a promising model system of
technical relevance, which on the other hand already repre-
sents a challenging scenario of high complexity that can still
be handled by our approach. The advantages of our concept
are: 1) the absolute amounts of bound and free CAT are
directly obtained from inline measurements; 2) no predefined
models are needed; and 3) high time resolution (12 ms).

Our approach is initialized by a problem and based on an
important finding. Regarding the former, when ZnO QDs are
mixed with CAT solution, the individual absorbance contri-
butions of ZnO QDs and bound CAT cannot be resolved due
to the aforementioned interaction between them (Supporting
Information, Figure S4A). Regarding the latter, we confirmed
by means of multiwavelength analytical ultracentrifugation
(AUC)™ that the equilibrium dissociation of CAT between
NP surface and solution does not depend on the absolute
concentration of ligand that is provided. In fact, it is solely
determined by the ratio of QD surface area and added
monolayers (MLs) of CAT (see the Supporting Information,
page 1-2 of Ref. [1c] for how MLs are calculated with taking
the full particle size distribution (PSD) into consideration).
This means that when the number of CAT MLs at the ZnO
surface is fixed at a certain ratio of ligand to surface area, the
absorbance of the whole, ZnO with bound CAT at the surface,
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Figure 1. Summary of the method. 1) A given amount of ZnO QDs (black —) and pure CAT provided in solution (red ----- ) are mixed at

a concentration equivalent to a defined number of monolayers (MLs). Il) The absorbance contributions of ZnO + bound CAT (gray —, the red-
shift of two free CAT peaks are indicated by two vertical black lines) and free CAT (green ----- ) are obtained according to Equations (2) and (4).
Then, total spectrum is generated by summation of them (blue —<—¢). I11) By applying step Il to added 0.5 MLs (black), 0.75 MLs (red), 1 ML
(green), 1.5 MLs (orange), 1.75 MLs (blue) of CAT samples, a library of spectra is created. V) During the kinetic experiments, the UV/Vis spectra
are monitored inline after mixing in stopped-flow. A “search best-match” algorithm (inset) was used to find the time of best match between all
stopped-flow spectra and each library spectrum (for example, the closest spectrum found in inline measurement for spectrum number 5 from the
library is at 211.9's). V) Comparison between spectrum from library (blue —+—) and spectrum found in inline measurement (light blue —) as
well as between free CAT, library derived from Equations (3) and (4) (green ----- ) and free CAT, correlation derived from Equation (6) (light green
—). VI) Evolution of bound CAT over time. The error bars are from a total of 9 repeated stopped-flow measurements at identical conditions.

correlates linearly with the concentration of ZnO (with
respect to Zn>", the same hereafter). This holds true at least
within the linear range of the Lambert-Beer law that is valid
throughout our experiments. Thus, the total absorbance
(scattering can be neglected owing to the small particle size
with a balanced mean x;; of 4.25nm) in the region of
chemisorption can be calculated as follows:

Ator = €200+bound cat (4, MLS) €200 d + Epure CAT (4) Ctreccar d (1)

where A, is the total absorbance of the mixture of ZnO
colloid and CAT solution, d is the optical path length of the
cuvette [mm], €,0;pound car(4, MLs) is the extinction coef-
ficient (with respect to the Zn*" concentration) of ZnO QDs
of given size with certain MLs of bound CAT at the surface
[Lmol 'mm '], &, car(4) is the extinction coefficient of pure
CAT in EtOH [Lmol 'mm™], and ¢, and ¢ car are the
concentrations of ZnO and free CAT [mol L™']. The first term
of Equation (1) will be referred to as Azuo.bound cATibrary
whereas the second term of Equation (1) will be referred to
as Apee car, library

In the following, we will describe how the unknown
parameters of Equation (1) can be determined to make
kinetics accessible. The procedure is sketched in Figure 1.
Before doing any kinetic measurement, a library is created
based on the chemisorption isotherm, which includes the
extinction coefficients and thus absorbance spectra for
numerous adsorption states (Figure 1 upper row).
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First, samples with defined ZnO QDs of known surface
area (Figure 1-1, black line) are mixed with dissolved CAT
(Figure 1-1, red dashed line) equivalent to a defined number
of MLs.

Second, after the equilibrium is reached, unbound CAT is
removed by washing. The absolute amount of ZnO can be
determined by titration with 2molL™' HCI until all the
absorbance features of ZnO are not detected anymore
(Supporting Information, Section4). Knowing the ZnO
concentration, the extinction coefficient of ZnO with certain
MLs of CAT at the surface (€2,0.pouna car(4, MLs)) is obtained
(Supporting Information, Section 4). From this, the absorb-
ance of ZnO with bound CAT [cf. Equation (1)] is calculated
according to the Lambert-Beer law:

1
A Z700-bound CAT, library — d £7,0bound cat (4, MLs) 2 CZn0, feed @)

where A7,04bound cat library 18 the absorbance of ZnO with
bound CAT (no CAT in solution) when the ZnO concen-
tration is identical with half the feed concentration (due to
mixing with CAT solution) during stopped-flow analysis
(Figure 1-11, gray line), ¢z,0, toeq 1S the feed concentration of
ZnO (0.0109 molL™"), and as mentioned, the factor 0.5
accounts for the volumetric mixing ratio of ZnO suspension
and CAT solution of 1:1.

Moreover, after washing and dissolution of the particles
with HCI, the absolute amount of bound CAT (released from
the surface) can be derived. It is determined spectroscopically
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using the known extinction coefficient of pure CAT in ethanol
as the dissolved Zn*" does not affect the absorbance of CAT
(Supporting Information, Figure S4). Thus, the ratio of ZnO
to bound CAT for the library experiment is known. Owing to
the fact that this ratio does not change within the applied
absolute concentrations (confirmed by AUC; Supporting
Information, Section 3), the bound CAT in terms of MLs
remains constant. Hence, the concentration of free CAT at
stopped-flow conditions is accessible:

_ 1 . NMLS, feed_NMLs. bound 3
Cree CAT, library — 3 CCAT, feed  Ne . ( )
MLs, feed

where Cee cariibrary 1S the concentration of free CAT in
solution at stopped-flow conditions, ccar feeq 1S the concen-
tration of CAT that is applied in the stopped-flow experiment
(1.45 mmolL ™), Ny, reeq is the provided total number of
CAT MLs in relation to the feed of ZnO that is applied in
stopped-flow, Ny bouna 1S the number of MLs that is bound at
the ZnO surface, and the factor 0.5 accounts again for the
volumetric mixing ratio of ZnO suspension to CAT solution
of 1:1. With known concentration of free CAT at stopped-flow
conditions, the absorbance of free CAT during the stopped-
flow experiment (Agcecar iibary; Figure 1-II, green dashed
line) can be calculated [cf. Equation (1)]:

Afree CAT, library — d Spure CAT (l) Ciree CAT, library (4)

As the absorbance contributions of both ZnO with bound
CAT (Azu0-bound CAT, library) a0d free CAT (Agree cAT library) aTE
now quantitatively known, the sum of them gives (according
to Equation (1)) a so-called target spectrum with quantita-
tively known distribution of CAT@ZnO and free CAT in
solution (Figure 1-11, blue dot-dash line). Thus, a correlation
between the state of adsorption and its optical response is
established.

This procedure is repeated multiple times with different
MLs of CAT added to ZnO NPs (from 0.5 MLs to 1.75 MLs;
Supporting Information, Table S1). This leads to a library of
target spectra with known absolute concentrations of bound
and free ligand (Figure 1-III).

Once the library has been created, kinetic measurements
can be conducted and evaluated (Figure 1 lower row). Spectra
of ZnO QDs during functionalization were recorded inline by
highly dynamic stopped-flow UV/Vis spectroscopy (Figure 1-
IV, time resolution of 12 ms). ZnO QDs used in inline
measurements have the same surface properties as in the
library preparation. A “search best-match” algorithm
(Matlab) was used to find the exact points in time where
a best match between all stopped-flow spectra and each target
spectrum of the library (1-5) is identified according to:

L= m[ln (\/31 Z [Aslopped-ﬂow(lvl) _Alibrary (/1)]2) (5)

so for each target spectrum in the library (Ajip,,(4)), the time
t is searched when the stopped-flow absorbance spectrum
(Agopped-iow(t; 4)) has minimum root-mean-square deviation
(RMSD; the term in the brackets) from the corresponding
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library spectrum of n wavelengths recorded between 250 and
360 nm. This is exemplarily illustrated in the “search best-
match” part of Figure 1 (inset, right).

For instance, if spectrum number 5 of the library
(Figure 1-111, blue line) is used as target, the best match is
found at 211.9 s (see the Supporting Information, Section 6
for others). Thus, every time found by the “search best-
match” algorithm is a very well-defined data point that can be
used for establishing a kinetic model. Being able to create
a sufficiently large number of library spectra, kinetics of
ligand chemisorption can be easily established without
assuming any adsorption model.

The five spectra of the inline measurement showing a best
match with the five targets are summarized in Figure 1-IV. In
the future, much larger target datasets, for example, by high-
throughput techniques, and evolutions of extinction coeffi-
cients €40 bound cat(4, MLs) based on these might be realized
to improve resolution and thus the identification of suitable
kinetic models.

To validate the “search best-match” algorithm, the
spectrum found in the inline measurement at 211.9s
(Figure 1-V, light blue line) is visually compared with the
spectrum number 5 from the library (Figure 1-V, blue dot-
dash line). Moreover, the spectrum of free CAT derived from
Equations (3) and (4) (Figure 1-V, green-dashed line) and the
free CAT derived from Equation (6) using the found stopped-
flow spectrum (Figure 1-V, light green line) are also checked:

Afree CAT, correlation — A found -A ZnO-+bound CAT, library (6)

where Aje. cat correnation 18 the absorbance of free CAT and
Ajouna 15 the spectrum found within the stopped-flow data to
have a best match with the target spectrum of the library
(current example is at 211.9 s). The agreement is excellent as
the R* values for these 2 comparisons are 0.998 and 0.988,
respectively (see the Supporting Information, Section 6 for
the comparison of others with a minimum R? of 0.989 for the
former and 0.964 for the latter, respectively). Of note, the
peak positions of the free CAT derived from Equation (6) are
all identical with pure CAT in EtOH.

Finally, a first kinetic dataset (the evolution of bound CAT
over time) determined by our technique is shown in Figure 1-
VI. Noteworthy, as the points show pure measurement data,
no predefined kinetic models were necessary. To demonstrate
the versatility and vital future role of this concept, a total of
seven commonly used adsorption models were applied to
analyze the data (see the Supporting Information, Section 10
for details and fitting equations as well as Section 11 for
boundary conditions and generalization of our approach).™

In summary, the method of using well-established libraries
of target spectra that are derived by means of careful offline
analysis within large kinetic datasets can be used for any
particle-ligand system, even if a strong interference between
the particles and the ligand molecules does exist. This is of
paramount importance as kinetic data are directly accessible
in situ with much higher time resolution and much less
experimental effort compared to previously reported tech-
niques. We believe that our concept will affect fundamental
research as well as various emerging fields where tailored
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liquid-borne particle surfaces are needed, for instance opto-
electronic devices like LEDs or sensors, bioimaging, and
energy conversion.
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