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ABSTRACT: We explored the charge transfer interactions
between CdSe—ZnS core—shell quantum dots (QDs) and the
redox active neurotransmitter dopamine, using covalently
assembled QD—dopamine conjugates. We combined steady-
state fluorescence, time-resolved fluorescence, and transient
absorption bleach measurements to probe the effects of
changing the QD size (thus the QD energy levels) and the
conjugate valence on the rate of QD photoluminescence
quenching when the pH of the medium was adjusted from
acidic to alkaline. We measured substantially larger quenching
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efficiencies, combined with more pronounced shortening of the carrier dynamics of these assemblies for smaller size QDs and in
alkaline pH. Moreover, we found that changes in the QD size alter the electron and hole relaxation of photoexcited QDs but with
different extents. For instance, a pronounced change in the hole relaxation was measured in alkaline buffers. Moreover, the hole
relaxation was faster for conjugates of green-emitting QDs as compared to their red-emitting counterparts. We attribute these
results to the more favorable electron transfer rates from the reduced form of the dopamine to the valence band of the QDs, a
process that becomes more efficient for green-emitting QDs. The latter benefits from lower oxidation potential and larger energy
mismatch with the green QDs in alkaline buffers. In comparison, the effects of pH changes on the rates of electron transfer from
excited QDs to dopamine are less affected by the QD size. These findings reflect the importance of the energy mismatch between
the QD energy levels and the redox levels of dopamine, and shed light onto the complex interactions involved in these
assemblies. Such conjugates also provide promising sensing and imaging tools for use in in vivo experiments.

B INTRODUCTION

One of the key photophysical characteristics of semiconductor
quantum dots is the size- and composition-dependence of their
absorption and emission properties.'”® CdSe—ZnS core—shell
quantum dots, for example, exhibit broad absorption spectra
with large extinction coefficients, and narrow emission profiles
that can be tuned over a wide optical range, with high
photoluminescence (PL) quantum yield and a remarkable
photo and chemical stability.”~*" They are also in a size regime
where the effects of surface-bound molecules can seriously
influence their overall physical and chemical behaviors. The
photophysical properties of these materials can further be
altered by closely coupled dyes and fluorescent proteins, due to
resonance energy transfer interactions, which alter the
electron—hole recombination rates in the nanocrystals.">~"®
Luminescent QDs were also shown to interact strongly with
proximal metal- and redox-active complexes, via charge transfer
(CT) interactions, which can result in pronounced changes in
the QD photoemission and absorption properties.'”~>> Guyot-
Sionnest and co-workers were the first to explore the ability of
reducing molecules (sodium biphenyl) to induce a pronounced
bleaching of the first absorption peak of CdSe QDs due to
electron injection from the redox molecules into the
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conduction band of the nanocrystals.’*** They further
correlated that with losses in the QD PL signal and measured
intraband transitions promoted by excitation of these injected
electrons with weak energy photons (wavelength of 3—6 um).>
Since then, several groups have also shown that QDs can
engage in pronounced charge transfer interactions with redox
active molecules in a variety of configurations, including
interactions with redox active biological complexes.****~*’

In addition to probing changes in the steady-state and time-
resolved PL, charge transfer interactions can also be effectively
investigated using time-resolved transient absorption (TA)
spectroscopy. These measurements probe the effects of redox
level alignments and separation-distance between the QD and
the proximal complexes on the charge transfer interac-
tions.**>® In one example, Kamat and co-workers elucidated
the size-dependent electron injection rates from several sets of
photoexcited CdSe QDs (with diameter ranging from 7.5 to 2.4
nm) to TiO, nanocrystals, in close-packed thin films.>" They
reported an enhancement in the electron transfer rate with
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decreasing QD diameter. In particular, they proposed that by
varying the QD size, it is possible to modulate the rate of
electron transfer between CdSe and TiO,, which can be
exploited for light harvesting in solar cells.>’ In another
example, Lian and co-workers probed the interactions between
CdS QDs and Rhodamine B using transient absorption
measurements.”” They found that, in addition to interactions
driven by energy transfer, charge transfer from the QD to the
proximal Rhodamine B can simultaneously occur via electron
transfer to the unoccupied orbital and/or hole transfer to the
occupied orbital of the complex. Such process was facilitated by
the relative alignment of the redox potential of Rhodamine B
with respect to the energy levels of the QD. They also showed
that the electron transfer rate could be controlled by changing
the QD size and/or the number of molecules attached to the
QD surface.

In a previous study, we investigated the charge transfer
interactions between CdSe—ZnS QDs and dopamine, a redox
active complex with pH and oxygen-dependent properties.””*®
In particular, we have shown that for a set of yellow-emitting
QDs the PL losses depend on the number of dopamine groups
arrayed around the QD surface, as well as the medium pH.*®
We have also used time-resolved transient absorption spec-
troscopy to characterize the charge transfer interactions in such
a system, and found that they involve charge transfer between
the QDs and two forms of the catechol that coexist at
equilibrium in the medium: (1) electron transfer from
photoexcited QDs to the oxidized quinone; and (2) electron
transfer from the reduced form of the dopamine (catechol) to
the valence band of photoexcited QDs.”® We should stress that
redox interactions with dopamine represent a challenging
fundamental problem to understand, due to their dependence
on pH and oxygen. Dopamine exhibits exceedingly complex
redox properties with the medium pH, involving 2-proton and
2-electron transformation of the 2-hydroxyl group, and it is
predicted to have two pK, values occurring at pH of 9.3 and
12.6.>® Dopamine and its derivatives are also highly relevant in
chemical biology because these neurotransmitters play critical
functions involving brain activity and behavior, including
cognition, motivation, sleep, attention, and learning.”_41

To gain a better insight into the mechanisms that drive the
PL quenching of the QDs, we expanded the above studies using
different sets of QDs with distinct band gaps. For this, we
prepared four different sets of CdSe—ZnS QDs with emission
peaks at A, = 525 nm (green), 573 nm (yellow), S90 nm
(orange), and 610 nm (red). These nanocrystals were
transferred to buffer media via cap exchange using bidentate
ligands made of dihydrolipoic acid appended with a short PEG
chain, followed by covalent coupling via amine-to-isothiocya-
nate reaction using dopamine-isothiocyanate (dopamine-ITC)
as shown in Figure 1.** In these QD—dopamine complexes, the
center-to-center separation distance was fixed, by using ligands
with a given PEG length (Figure 1). We measured a
pronounced PL quenching combined with shortening of the
PL lifetime. These changes were found to strongly depend on
three distinct parameters: (1) the conjugate valence, (2) the pH
of the buffer used, with substantially larger quenching measured
in alkaline media than in acidic dispersions, and (3) the QD
size, with much weaker PL losses measured for red-emitting
QDs than for their green-emitting counterparts.
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Figure 1. Schematic representation of two sets of QD—dopamine
conjugates prepared using green-emitting QDs (left) and red-emitting
QDs (right). The schematics show the effects of changing the pH from
acidic to alkaline, which materializes in a decrease in the oxidation
potential of the dopamine along with a partial chemical transformation
of a few catechols to quinones in the QD-conjugates. The anticipated
changes in the QD PL emission are shown in the insets. Higher
quenching is measured for green-emitting QDs and in alkaline buffers.

B RESULTS AND DISCUSSION

Effects of Valence and QD Size. a. Steady-State
Fluorescence. Figure 2 shows representative PL spectra
collected from green- (a), yellow- (b), orange- (c), and red-
emitting (d) QDs for several dopamine-ITC-to-QD molar
ratios. Here, the QD dispersions refer to nanocrystals ligand-
exchanged with a mixture of 95:5 DHLA-PEG;,-
OCH;:DHLA-PEGg,-NH,, while control samples refer to
dispersions of QDs prepared with 100% DHLA-PEG.,-OCHj.
For these dopamine-ITC-to-amine molar ratios, we used the
molar concentration of amine groups in the dispersion
extracted from the QD concentration and the anticipated
number of ligands per nanocrystal (see below).”*** We should
note that when preparing the QD-conjugates, the concen-
trations of dopamine-ITC added to each set of QD dispersions
were slightly higher for larger size QDs, so that the overall
dopamine-ITC-to-amine molar ratio in the medium stays the
same for the four sets of QDs studied. This is done to account
for the small differences in the overall number of ligands per
QD (number of surface ligands is «R* for spherical QDs), and
guarantees that the first-order bimolecular reaction analysis
applies to our assemblies.*’ The dopamine-ITC concentration
added to each sample was based on estimates of the number of
DHLA-PEG ligands per QD, as done in our previous
report.”*** Although the exact count of the number of ligands
seems to depend on the conditions and system used, the
structure of the ligands, and the analytical techniques used (e.g,,
NMR or optical spectroscopy), most studies have shown that
the number of ligands linearly tracks the overall surface area per
nanocrystal. For our QD—ligand system, previous studies have
shown that the density of these bidentate PEGylated ligands
tracks changes on the nanocrystal surface (as expected), with
footprint area (FPA) per ligand of ~1.25 nm** This implies
the density of DHLA-PEG ligands is ~100—200 ligands per
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Figure 2. PL spectra collected from QD—dopamine conjugates dispersed in DI water (pH is ~6.5) for increasing concentration of dopamine-ITC:
(a) 525 nm green-, (b) 573 nm yellow-, (c) 590 nm orange-, and (d) 610 nm red-emitting QDs. (e) Quenching efficiency versus Cyop for different
size QDs along with fits using eq 1; the experimental values were extracted from the PL data using eq 7a. The QD concentration in these dispersions
was ~32 nM. An additional fit of the quenching efficacy versus valence accounting for the Poisson correction is provided in the Supporting
Information (Figure SS) for the green QDs. (f) A fluorescence image of selected dispersions of these QD-conjugates under UV illumination. The

QD concentration in these dispersions was ~0.8 yM.

QD for the above nanocrystals. Ligand counting is still a
challenge for these systems,* and recent developments in
analytical tools based on spectroscopic techniques such as
NMR, thermogravimetric analysis (TGA), and optical
absorption should provide valuable information about such a
parameter in the future.*’ %

The data show a progressive loss in the QD PL with
increasing concentration of dopamine-ITC for the four sets of
QDs used. However, the PL losses were largest for the green-
emitting QDs and decreased for the yellow, orange, and were
smallest for the red-emitting QDs (see Figure 2e). The
fluorescence images of selected dispersions of these conjugates
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under UV illumination, shown in Figure 2f, provide a visual
confirmation of the size-dependent PL quenching measured for
the sets of QDs used. The data shown in Figure 2e indicate
that, although the exact values of the quenching efficiency
depend on the set of QDs used, the overall trend is consistent
with a centro-symmetric QD-dopamine conjugate configuration
(see Figure 1); each conjugate is made of a central QD
surrounded by several dopamine groups arrayed at a fixed
average separation distance, , from the QD center. Indeed, the
trend for E versus Cy,, can be easily fit to an expression of the

28
form:
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Figure 3. (a) Normalized time-resolved PL decays collected from QD—dopamine conjugates (525 nm-emitting QDs) for various dopamine-ITC-to-
amine molar ratios (indicated in the legend). (b) Normalized time-resolved PL decays of three QD—dopamine conjugates made using different size
QD:s and a fixed dopamine-ITC-to-amine molar ratio of 30:1; green-, yellow-, and red-emitting are shown. The profiles for the control dispersions of
the three sets of QDs are shown (empty symbols). Lines are fit to the data using eq S.

B a’CdOP
(xlcdop + K

(1)

where o’ and K are experimental parameters that respectively
depend on the relative alignment of the redox levels of the
dopamine with respect to the energy bands of the QD, as well
as the separation distance. Here, we should note that the K
value could additionally be affected by the changes in the QD
size, even when the same PEG bridge is used for all samples.
For instance, red-emitting dots would produce slightly larger
separation distance, because they have slightly bigger core size;
the effects of QD size on the overall quenching are small,
nonetheless. Such behavior is fully consistent with the predicted
expression for the dependence of E versus conjugate valence, 1,

given byzo’28
F=_9"
an + K 2)
Here, o is directly related (proportional) to a'.*® Because

heterogeneity in the conjugate valence is rather an inherent
property of nanopartricle-conjugates, the dependence of the
quenching efficiency on the dopamine-to-QD ratio (valence, 1)
could be best fitted by accounting for the heterogeneity using
the Poisson statistics and an equation of the form:*°

E(N) = ZP(n, N)E(n) with p(n, N) = N”%

(©)

where N is the average dopamine-to-QD ratio used and # is the
exact number of dopamine groups attached to a single QD. The
Poisson distribution function, p(n,N), accounts for hetero-
geneity in the conjugate valence, and E(n) is given by eq 2
above.*® Below we show that while eq 3 provides a better fit for
the experimental data for the green-emitting QDs, more
simplified eqs 1 and 2 can be used to fit the data collected from
dispersions of the larger (red-emitting) QDs.

Equation 2 is similar to what is predicted and measured for
FRET (Forster resonance energy transfer)-induced quenching
in these centro-symmetric donor—acceptor assemblies, such as
QD—protein—dye conjugates.43 The conversion of eq 1 (for E
Vs Cdop) to eq 2 (for E vs n) is correct, because the number of
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coupled dopamines per QD in the final assemblies (after
purification) is proportional to the concentration of dopamine-
ITC used in the reaction, due to the fact that amine-to-ITC
coupling obeys the first-order bimolecular reaction.*>*' The
data shown in Figure 2e indicate that the PL quenching
substantially varies from one set of QDs to another. For
instance, the PL of green QDs is nearly fully quenched at Cq,, =
30 uM with E exceeding 0.9. Conversely, at Cy,, = 30 uM, the
quenching efficiency measured for the other samples is 0.6 for
the yellow, 0.5 for the orange QDs, and only 0.3 for the red
QDs. Saturation in the measured E values for the larger size
QDs is reached at much higher concentrations of added
dopamine. Fitting the data in Figure 2e to eq 1 yields values for
K/a' =2.8,14.3,23.1, and 55.3 for the green-, yellow-, orange-,
and red-emitting QDs, respectively.”® This indicates that the
highest quenching efficiency is measured for the set of QDs
with the largest band gap (smallest size). The quenching
efficiency then progressively decreases for QDs with smaller
band gap (or increasing size). We should note that fitting the
quenching data using the Poisson correction (eq 3 instead of eq
2) improves the agreement with the experimental data for the
green-emitting QDs, where the PL losses are higher due to
more efficient interactions. A side-by-side fit to the data for
green-emitting QDs using eqs 2 and 3 (fit accounting for the
Poisson distribution) is provided in the Supporting Informa-
tion, Figure S5. No sensible improvement could be observed
when fitting the other data shown in Figure 2e. This agrees with
what has been demonstrated for FRET interactions with QDs,
where the importance of accounting for the Poisson
distribution is mostly relevant for donor—acceptor pairs with
high spectral overlap and short separation distances.”

b. Time-Resolved Fluorescence. Figure 3a shows a
representative plot of the normalized time-resolved PL decays
collected for a series of green-emitting QDs with varying
conjugate valence. Clearly, a pronounced shortening of the PL
lifetime (as compared to control dispersion), commensurate
with the increase in the conjugate valence, is observed;
additional data for the red-emitting QDs are provided in the
Supporting Information (Figure S2). Conversely, Figure 3b
shows the normalized time-resolved fluorescence decay profiles
of three different-size QDs at the same valence (corresponding
to a nominal dopamine-ITC-to-amine molar ratio of 30:1).
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Data show that shortening of the PL lifetime varies with the set
of QDs used, with a substantially faster decay measured for the
smaller nanocrystals and vice versa; that is, shortening of the PL
lifetime as compared to the control sample is the largest for the
green-emitting QDs, smaller for the yellow-, and smallest for
the red-emitting QDs. Furthermore, the quenching efficiency
values extracted from the time-resolved data using eq 7b are
comparable to those shown in Figure 2e. For instance, for
dispersions made of green QD-conjugates, the average exciton
lifetime decreased from 7, = 19.87 for unconjugated QDs to
Tpa = 1.42 ns for conjugates prepared using a dopamine-ITC-
to-amine ratio = 30:1; the corresponding quenching efficiency
is E = 0.93. Conversely, this lifetime decreased from 7, = 20.43
ns to 7p, = 8.99 ns (corresponding to E = 0.56) for the red-
emitting QDs. Negligible changes in the exciton lifetimes were
measured for control samples made of 100% methoxy-PEG-
QDs mixed with dopamine and purified as above, indicating
that no coupling between QDs and dopamine-ITC has taken
place in those samples.”® Clearly, the time-resolved fluores-
cence measurements complement the steady-state data
summarized in Figure 2.

The above data on the PL lifetime decays can be used to
extract estimates for the charge transfer rate constant (kcr)
defined as*"*>

1 1
kep = —
Tpa

)

The corresponding experimental values, summarized in Table
1, show that for QD—dopamine conjugates with comparable

D

Table 1. Experimental Values for the Charge Transfer Rate
Constant (kcy) for All Four Sets of QDs Extracted from the
Time-Resolved Fluorescence Measurements and Fits to
Equation 4°

control dopamine-ITC:amine = dopamine-ITC:amine =
dispersion 30:1 7.5:1
QDs
Agbs /max
(nm) 7p (ns) 7pa (ns) kcr (s 7pa (ns) ker (s7h)
508 19.87 142 6.54 x 10° 8.17 721 x 107
552 20.34 4.51 1.73 x 10° 10.24 4.85 x 107
567 21.12 6.40 109 X 10° 1240 333 x 107
590 20.43 8.99 623 x 107 14.95 1.79 X 107

“The conjugates were prepared with a nominal dopamine-ITC:amine
ratio of 30:1 and 7.5:1 in DI water.

valence (i.e.,, prepared with a dopamine-ITC-to-amine molar
ratio of 30:1 or 7.5:1), the charge transfer rate constant
decreases with increasing QD size. For instance, there is a 10-
fold increase in the charge transfer rate constant from red- to
green-emitting QDs for the conjugates prepared with a
dopamine:QD ratio of 30:1 (i.e., from 6.23 X 107 s™" for the
610 nm QDs to 6.54 X 10® s for the 525 nm QDs), a result
consistent with the sizable difference in the quenching
efficiency data shown in Figure 2.

Effects of Solution pH. The effects of buffer pH on the
interactions between QD and proximal dopamine were probed
by tracking the changes in three physical processes: (1) steady-
state fluorescence, (2) time-resolved fluorescence, and (3)
visible transient absorption (or visible TA bleach) probed with
femtosecond excitation. The time-resolved fluorescence was
used to probe two complementary processes and required two
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independent measurements. One measurement probed the PL
decay with ~100 ps resolution and was carried out using the
TCSPC experimental setup. The other measurement was used
to probe the excitation decay with picosecond resolution
associated with the band edge relaxation of the hole; the
measurement was carried out using a streak camera.
Conversely, the TA bleach measurement was used to probe
the electron relaxation dynamics.>>>* All of these effects were
investigated when the pH of the medium was adjusted from pH
4 (acidic) to pH 10 (alkaline). In these measurements, we
maintained the same conjugate valence for all samples, by fixing
the dopamine-ITC-to-amine molar ratio at ~7.5:1. This ratio
was selected because it results in a PL quenching far from the
saturation regime for all sets of QDs (see Figure 2).2% For the
TA bleach and streak camera measurements, we focused on two
QD samples emitting at 525 nm (green, largest band gap) and
at 610 nm (red, smallest band gap) as the observed differences
are more pronounced for the “extreme” QD sizes. We should
note that at pH 4, the reduced form of the complex (catechol)
is dominant, while at pH 10 the molar fraction of the oxidized
form (ie., quinone) is substantially higher.

a. Steady-State Fluorescence Measurements. Figure 4a
shows the cumulative plot for the relative progression of the
integrated PL intensity with changes in solution pH for all four
sets of QD-conjugate dispersions. The corresponding PL
spectra are provided in the Supporting Information (Figure
S3). The pH effects can be summarized as follow: (1) The QD
PL undergoes a progressive decrease when the pH is changed
from acidic to alkaline, with substantially larger quenching
efficiency measured in alkaline media than in acidic dispersions
for all samples. (2) Larger PL quenching efficiencies are
measured for solutions made with smaller QDs, and vice versa.
(3) Control dispersions made of 100% DHLA-PEG-methoxy-
QDs exhibit no changes in the PL throughout the pH range. A
visual rendition of the PL changes is provided in the
fluorescence image shown in the inset of Figure 4a, where
several dispersions of green- and red-emitting QD-dopamine
conjugates at pH ranging from 4 to 10 are illuminated at 365
nm using a hand-held UV lamp. These results complement and
expand our previous measurements reported in ref 28.

b. Nanosecond Time-Resolved Fluorescence Measure-
ments. To complement the steady-state data, we probed the
pH-induced changes in the PL lifetimes using the TCSPC
setup. Data collected for assemblies with green-emitting QDs
are shown in Figure 4; additional data on the time-resolved
fluorescence signal for dispersions of red-emitting QD-
conjugates are provided in the Supporting Information (Figure
S4). We found that when the pH was adjusted from pH 4 to
pH 10 a sizable change in the time-resolved PL decay was
measured for QD-assemblies (Figure 4b). Furthermore, the
effects of such pH increase on the PL decay were much more
pronounced for assemblies with green-emitting QDs (as shown
in Figure 4b and Supporting Information Figure S4). In
comparison, little to no change in the decay was observed for
unconjugated QDs (control) when the solution pH was
adjusted.

The above experimental time-resolved fluorescence data can
also be used to extract information on the dependence of the
charge transfer rate constant (kcr) on the pH of the buffer
used. Table 2 shows that the changes in k¢ values with pH are
much larger for green-emitting QDs than for their red-emitting
counterparts. This further confirms the steady-state PL data and
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Figure 4. (a) PL intensity for the pH range 4—10, normalized with
respect to initial values at pH 4, measured for all sets of QD-conjugates
prepared with a nominal dopamine-ITC-to-amine ratio of 7.5. Control
experiments were carried out by using 100% DHLA-PEG-methoxy at a
range of pH from 4 to 10 (dash line); only one control (one QD size)
is shown here; the PL changes with pH measured for the control were
very small (<8%). Inset shows the fluorescence images of selected
dispersions of green- and red-emitting QD-conjugates dispersed in
different pH buffers; samples were illuminated at 365 nm using a hand-
held UV lamp. (b) Normalized time-resolved PL decay curves for
green-emitting QD—dopamine complexes and QDs alone dispersed in
pH 4, 6, 8, and 10 buffers collected using TCSPC.

Table 2. Experimental Values for the Charge Transfer Rate
Constant (k¢cr) for Green- and Red-Emitting QDs Derived
from the Time-Resolved Fluorescence Measurements®

green QDS; Ape/ma = 505 nm red QDS; Aypg/max = 590 nm

samples pa (ns) ker (s71) Tpa (ns) ker (s71)
control 20.85 (7p) 18.12 (7p)

pH 4 17.59 8.89 x 10° 16.65 4.87 x 10°
pH 6 11.74 3.72 x 107 15.88 7.78 X 10°
pH 8 7.20 9.09 x 10’ 14.89 1.20 X 10’
pH 10 4.83 1.59 x 10° 14.69 129 X 107

“The conjugate samples were prepared with a nominal dopamine-to-
amine ratio of 7.5:1. Control corresponds to data collected at pH 4.
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complements results from previous studies on the dependence
of the dopamine redox activity on pH.*®

c¢. Visible Time-Resolved Transient Absorption. We have
performed visible transient absorption measurements to probe
whether or not the observed charge transfer interactions are
dominated by electron transfer from the QDs to quinone. As
the 1S exciton TA bleach is dominated by the state filling of the
1S electron level, with negligible contribution from the hole,
probing the kinetics of the transient absorption at the first
absorption peak will thus provide information on the 1S
electron depopulation kinetics.>* Such measurements allow us
to test the effects of the conjugation on the conduction band
electrons.®>* For this, the bleach decays were measured at 500
nm for the green-emitting QDs and at 600 nm for the red-
emitting QDs. Furthermore, because electron transfer is
anticipated to take place between photoexcited QDs and the
oxidized form of the complex (namely quinone),*® these effects
will be much better accounted for by performing the TA bleach
measurements using QD-conjugates in alkaline solutions (at
pH 10), where the concentration of quinone groups is expected
to be larger.*® Figure 5 shows a side-by-side comparison of the
TA decay for green- (a) and red-emitting (b) QD—dopamine
conjugates together with data for unconjugated QDs dispersed
in pH 10 buffers. The data show that there is a slightly faster
decay in the TA bleach signals upon conjugation to dopamine.
However, the amount of changes measured between the two
sets of QDs is rather small. This implies that the electron
transfer is only slightly affected by the size of QDs at this time
scale in alkaline media. The corresponding lifetimes are 410 and
43 ps for green-emitting QDs and their corresponding QD-
conjugates, respectively. In contrast, the lifetimes are 245 ps for
red QDs (control) and 77 ps for the conjugates at pH 10.
These lifetimes can be used to extract estimates for the charge
transfer rates, k,, for the two sets of QDs using a relationship
similar to eq 4 (ko = Tpa ™" — 7p "), with k. = 2.08 X 10 s~
for green QD-conjugates and k,, = 8.90 X 10° s™" for the red
QD-conjugates. This indicates a slightly faster decay rate (~2
times) for green-emitting QDs as compared to their red
counterparts. This change is smaller than what was measured
for the overall charge transfer rate (kcr) at pH 10 shown in
Table 2. Thus, the changes in the PL dynamics measured in the
same scale (see below) can be attributed to changes in the hole
relaxation. Nonetheless, at the longer time scale (1—20 ns), the
charge transfer rate is more affected by the size of the QDs used
when the pH of the medium is changed, as indicated by the
time-resolved fluorescence data shown in Figure 4 and Table 2.

d. Picosecond Time-Resolved Fluorescence Measure-
ments. To probe the effects of the pH on the hole relaxation,
we performed time-resolved photoluminescence measurements
in the same time window as the above-mentioned transient
absorption experiments. Because the effects of QD size on the
electron decay in this time scale are very small (see above
section and Figure S), we can relate the measured changes in
the time-resolved PL decay to changes in the hole relaxation of
photoexcited QDs due to the interactions with the catechol
groups (reduced form of the complex). This argument can also
be discussed within the context of hole transfer from the QD to
the occupied orbital of the complex. Figure 6 shows side-by-
side plots of the normalized PL decay for the green- and red-
emitting QDs, unconjugated (control) and QD—dopamine
assemblies, at pH 4 and pH 10. At pH 10 the difference in time-
resolved PL decays is more pronounced for the green-emitting
QDs, consistent with the data above. At pH 4 a sizable
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the corresponding lifetimes are 410 ps for QDs and 43 ps for QD-conjugates. (b) Red-emitting QDs probed at 600 nm; the corresponding lifetimes
are 2485 ps for QDs control and 77 ps for the conjugates. Data were collected at pH 10. All conjugates samples were prepared at a nominal dopamine-
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shortening of the relaxation times is measured for the green-
emitting QDs, but only a marginal change is measured for the
red-emitting QDs as compared to control dispersions (see
Figure 6a,b). This suggests that the hole transfer from the QDs
to dopamine is less efficient for the large-size QDs in acidic
conditions. These results clearly indicate that changes in the
buffer pH mostly alter the hole relaxation in the QD—
dopamine conjugates, with substantially larger changes
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measured for nanocrystals with a wider energy band gap. We
should note that the two time-resolved techniques have an
inherent fundamental difference. While transient absorption
probes the whole population of the QDs in the sample,
transient PL mainly probes the highly emissive QDs at long
time scale and all of the species at short time scale. This should
not affect the information extracted about the nature of the
charge transfer interactions and their response to changes in the
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Figure 7. Schematic representation of the proposed charge transfer mechanism (involving electron and hole carriers) in acidic and alkaline media for
the two sets of QD-conjugates: wider band gap green QDs and narrower band gap red QDs. Rationales depicted in (a) and (b) are based on a
combination of picosecond TR fluorescence data collected using a streak camera and TA bleach data collected for both QD sizes at pH 4 and pH 10.
The redox levels of dopamine were obtained by using cyclic voltammograms for dispersions of dopamine-PEG-methoxy in buffer media.”® The
corresponding energy levels of two sets of CdSe—ZnS QDs with respect to the electrochemical scale were extracted from ref 1. These were based on
a Fermi level for CdSe of —5.78 eV, a bandgap of 1.75 eV, giving a conduction band at ~ —4.905 eV and a valence band at ~ —6.655 eV. The energy
levels of the cetechols were extracted from the C—V data (reported in ref 28) and using the relation E,, = —4.5 eV — ¢E;, where E; is the oxidation
potential measured with respect to NHE.® We should note that the energy levels for CdSe reported in ref 3 are slightly different from the ones we

used here and originally described in ref 1.

QD size or buffer pH. As clearly shown, the contributions from
hole and electron relaxations can be separated in these
experiments and the contribution from electrons is much less
pronounced.

Proposed Mechanism for the Charge Transfer
Interactions and Induced PL Quenching. The main
findings from our measurements can be summarized as follows:
Chemically coupling dopamine to a fluorescent CdSe—ZnS QD
drastically alters the photoemission properties of the nano-
crystal, as verified by steady-state and time-resolved fluo-
rescence measurements. The PL quenching tracks the valence
of the QD—dopamine conjugates, but more importantly the
quenching efficiency can be strongly influenced by the energy
levels of the nanocrystals, with substantially higher efliciencies
measured for wider bandgap dots, and vice versa. The rate of
fluorescence quenching also depends on the pH of the buffer
used, with more pronounced PL losses measured in alkaline
solutions. The use of time-resolved fluorescence and TA
measurements, to separately probe the relaxation of the carriers,
provides additional insights into how changing the bufter pH
can alter the electron and hole relaxation in these complexes.
We find that faster relaxations of the hole carrier are measured
in alkaline solutions. Moreover, shortening of these relaxations
is more pronounced for conjugates made with wider energy
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band gap (e.g, using green-emitting QDs). Conversely, the
effects of QD size on the electron relaxation are smaller. We
have also previously identified that the PL quenching in these
assemblies could not be attributed to Forster resonance energy
transfer between the nanocrystals and dopamine, because there
is no measurable spectral overlap between the QD emission
and dopamine absorption; the absorption of dopamine is weak,
limited to the UV region of the spectrum, and does not overlap
with the PL profile of any of the QDs used.”® These results
cannot be attributed to simple physisorption or complexation
of the dopamine onto the metal surface of the QDs. Indeed
control experiments showed that when 100% methoxy-QDs or
nonreactive dopamine (no ITC) were used, only very small PL
quenching was measured due to solution phase (collision)
interactions.”® Furthermore, after one round of purification
using a filtration device, to remove the small dopamine
molecules from the dispersions, the measured residual
quenching was negligible (consistently smaller than $%). This
result indicates that complexing or physisorption of the redox
complex on the QDs is negligible, presumably due to the strong
coordination of the DHLA-PEG ligands on the QDs and
shielding of the nanocrystal surfaces.”®

We attribute the above findings to interactions between the
nanocrystals and bound dopamine that are dominated by
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charge transfer processes, as schematically detailed in Figure
7a,b. More precisely, we propose that a photoexcited QD does
not interact with a homogeneous redox complex in the
medium. Instead, it experiences interactions with two distinct
species that coexist within the same conjugate:*® (1) The first
involves electron transfer from the reduced form of dopamine
(catechol, a natural electron donor) to the valence band of
photoexcited QDs (this can also be viewed as hole transfer
from the QD to the catechol). This electron-donating capacity
of the catechol is inferred from previous cyclic voltammetry
data collected from dopamine solutions, where a well-defined
oxidation peak was measured. Furthermore, that peak
progressively shifts to lower values when the pH is switched
from acidic to basic.”® This electron transfer from the catechol
to a photoexcited QD alters the relaxation of the holes in a pH-
dependent manner (as a significantly higher relative concen-
tration of catechol is present at acidic pH). The decrease in the
oxidation potential of dopamine at alkaline pH’s is also
accompanied by a shift of the thermodynamic equilibrium
toward higher concentrations of the oxidized catechol, that is, a
propensity of dopamine to more easily oxidize combined with
an increase in the relative concentration of quinone in the
medium. (2) The second interaction involves electron transfer
between photoexcited QDs and quinone. The latter naturally
results from oxidation of the catechol in a process catalyzed by
oxygen; its concentration is higher in alkaline solutions (but
extremely small in acidic solutions). This alters the relaxation of
the 1S electron, and produces faster decay at higher pH.*® We
should note that the QD energy levels shown in Figure 7a are
slightly different from those depicted in ref 28. We think that
the levels shown here and extracted from ref 1 represent a more
accurate description of the system.

The effects of varying the QD size (or energy bandgap) on
the electron and hole transfer rates and their dependence on
the solution pH are complex. At pH 4 interactions of the QD
with the catechol may dominate due to low concentration of
the quinone. Furthermore, at pH 4 changes in the hole
relaxation upon conjugation are much larger for the green-
emitting QDs (see Figure 6a,b). When the pH is switched to
alkaline, the rate of hole decay is increased (ie., lifetime is
shortened) for both sets of QDs, but the change is still more
pronounced for green-emitting QDs (see Figure 6c,d). These
two features are attributed to larger mismatch between the
oxidation level of dopamine and the valence band of the QDs;
such mismatch also increases when the pH of the medium
becomes more basic. Conversely, the effects of changing the
QD size and solution pH on the interaction with the quinone
are somewhat less pronounced. Indeed, the TA bleach data
show that changes in the relaxation signal from red to green
QDs are rather small. This may be attributed to the fact that the
shift of the conduction band of the QDs is not large enough to
substantially alter the rate of electron transfer to the redox
complex. It can also imply that the reduced form of the
complex still dominates the interactions with the valence band
for the anticipated number of complexes per QD—dopamine
conjugate.

The data collected for the four sets of QDs summarized in
Figures 2—6 complement the previous results and interpreta-
tion reported previously.”>™>* The charge transfer mechanism
controlling the PL changes in these hybrid assemblies as a
function of QD size, valence, and pH involves an electron hole
“exchange” between QD and dopamine, resulting in QD
exciton annihilation, and manifesting in rather large PL
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quenching efficiencies. Moreover, these CT interactions can
be easily and controllably tuned by a combination of changing
the QD size and/or composition, because both parameters can
affect the energy bandgap. It can also be controlled via
conjugate valence and pH of the solution.

B CONCLUSION

We combined the use of steady-state and time-resolved
fluorescence along with transient absorption bleach measure-
ments to probe the charge transfer interactions between
semiconductor QDs and the redox active dopamine, in
covalently assembled QD—dopamine conjugates. In particular,
we explored the effects of varying the QD size (thus the
conduction and valence energy levels), the number of
dopamine groups per QD-conjugate (valence), and, more
importantly, the effects of adjusting the pH of the medium from
acidic to alkaline, on the QD PL quenching.

We recorded higher PL quenching efliciencies and more
pronounced shortening in the PL lifetime, when wider bandgap
QDs and/or alkaline solutions were used. We attributed these
findings to charge transfer interactions between the QDs and
two forms of the redox complex that coexist in equilibrium in
the medium. (1) The first is interactions between photoexcited
QDs and the reduced form of the complex (catechol) via
electron transfer from the dopamine to the valence band of the
QDs. This pathway becomes more efficient when the medium
pH is switched to alkaline conditions, as the oxidation potential
of the complex is lowered with increasing pH. It is also stronger
for smaller size QDs due to the larger energy mismatch
between the redox potential of the complex and the valence
band of the QDs. (2) The second is electron transfer
interactions between QDs and the oxidized form of the
complex (quinone). This pathway also promotes stronger
interactions and higher PL quenching in alkaline media.
Nonetheless, the measured changes in the rates of electron
charge transfer from excited QDs to dopamine are less affected
by the QD size when the pH of the medium is made more
basic. Conversely, the effects of reducing the QD size on the
hole relaxation are substantially more pronounced in alkaline
buffers and for green-emitting QDs.

These QD—dopamine assemblies provide an interesting and
scientifically challenging problem for exploring the importance
of charge transfer interactions in inorganic—biological hybrids.
They also shed light onto the complex interactions involved in
these assemblies. Our QD—dopamine conjugates coupled via a
PEG bridge provide flexible redox-active fluorescent platforms
with a great potential for integration in biological systems
where effects of pH and redox interactions are crucial. These
include potential use for intracellular sensing and vasculature
imaging.

B EXPERIMENTAL SECTION

Synthesis and Functionalization of Quantum Dots.
We prepared four sets of CdSe—ZnS core—shell QDs with the
lowest energy absorption (band edge) peak, A, = 505, 552,
567, and 590 nm (see Supporting Information, Figure S1). The
core—shell QDs were prepared in two reaction steps (CdSe
core growth followed by ZnS-overcoating) via reduction of
organometallic precursors at high temperature. Growth of the
CdSe core involved the reduction of cadmium and selenium
precursors at high temperature (300—350 °C) in a coordinating
solvent mixture made of trioctyl phosphine (TOP), trioctyl
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phosphine oxide (TOPO), phosphonic acid, and alkylamines;
the CdSe nanocrystal size was controlled via small variations in
the precursor concentrations and annealing temperature.**~>°
Overcoating of the CdSe core with ZnS shell was carried out at
lower tem;)erature (150—180 °C) using zinc and sulfur
precursors.” "> All QDs were prepared to have a similar
thickness ZnS layer; thus, the overall size difference of the
core—shell structures is mainly due to changes in the core
radius. The nanocrystal sizes were estimated by combining data
from three complementary techniques: a correlation between
the size extracted from small-angle X-ray scattering and the first
absorption peak, along with analysis of transmission electron
microcopy (TEM) data.’”* The average radii for these
nanocrystals are ~2.8 nm for the green-, ~3.4 nm for the
yellow-, ~3.6 nm for the orange-, and ~4.0 nm for the red-
emitting QDs.

The hydrophobic QDs (TOP/TOPO-capped) were ren-
dered hydrophilic via ligand exchange using dihydrolipoic acid
appended with polyethylene glycol (DHLA-PEG). A small
fraction of reactive amine groups was introduced on the QD
surface by performing the ligand exchange using a mixture of
DHLA-PEGg,-NH, (amine-modified reactive ligand) and
DHLA-PEG,5,-OCH; (inert terminated 1igand).61_63 In this
particular study, we used a mixture of 95% DHLA-PEG.,-
OCH,; and 5% DHLA-PEG,-NH, (95:5 OCH,:NH,) ligands
for all QD samples. Additional details on the ligand synthesis,
purification, and characterization can be found in previous
references.”>®

Assembly of the QD—Dopamine Conjugates. The
QD—dopamine assemblies were formed by reacting amine-
functionalized QDs (amine-QDs) with dopamine isothiocya-
nate (dopamine-ITC) for 3.5 h (as schematically shown in
Figure 1). Briefly, 100 uL of 5% amine-QDs (initial QD conc. =
8 M) was added to a vial containing the desired molar amount
of dopamine-ITC dissolved in DI water to a total volume of 1
mL and a final QD concentration ~0.8 xM. Solutions of
dopamine-ITC in water were prepared starting with the desired
molar amounts of dopamine-ITC predissolved in DMSO. The
dopamine-ITC concentration in each sample was adjusted to
account for the difference in the number of amine groups per
nanocrystal from one set of QDs to another, with slightly
higher amounts of dopamine added to dispersions of larger size
QDs. For example, the range of dopamine-ITC:QD molar
ratios used for preparing dispersions of green-emitting QDs
varied between 7.5:1 and 120:1, while molar ratios ranging
from 14:1 to 225:1 were used for the red-emitting QD-
conjugates. This adjustment maintains a similar reactivity
between the dopamine-ITC and amine on the QD for all
samples. The mixture was stirred for 3.5 h in the dark at room
temperature, followed by removal of excess unreacted
dopamine by applying one round of concentration/dilution
using a membrane filtration device with Mw Cut-off of 50 kDa
(from Millipore). To adjust the solution pH, aliquots (40 uL)
of the QD-conjugate (stock) dispersions were mixed with 960
uL of phosphate buffer (10 mM) at the desired pH before the
florescence spectra were collected. Additional details about the
synthesis of the dopamine-ITC, characterization, along with the
coupling strategy can be found in previous references.”*%>*
The samples stayed homogeneous and aggregation-free after
several months of storage at 4 °C. The transient absorption
data were collected using dispersions of QDs and QD-
conjugates prepared as above but at higher concentrations
(~40—50 uM). The dispersions were first concentrated in DI
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water and then diluted in the desired pH buffer before data
were collected.

Data Collection and Analyses. Absorption and Fluo-
rescence. The absorption spectra for all samples were recorded
using a UV—vis absorption spectrophotometer (UV 2450
model from Shimadzu). These spectra were used to determine
the QD concentration in the samples.”> The steady-state
fluorescence spectra were collected on a Fluorolog-3
spectrometer (HORIBA Jobin Yvon Inc, Edison, NJ),
equipped with a fast TBX PMT detector and an air cooled
CCD camera. All of the steady-state PL spectra were collected
using excitation at 350 nm.

Time-Resolved Fluorescence. Two sets of time-resolved
(TR) fluorescence decays profiles were collected using two
complementary experimental setups, one spanning 0—100 ns
range and the other allowing picosecond resolution and
spanning a time range of 0—1500 ps.

The first set of visible TR fluorescence was collected and
analyzed using a Time Correlation Single Photon Counting
(TCSPC) system integrated in the same Fluorolog-3 above. A
pulsed excitation signal with a repetition rate of 1 MHz at 440
nm, provided by a NanoLED-440LH (100 ps, fwhm), was used
for sample excitation. The second set of TR PL data was
collected using a streak camera (Hamamatsu CS5680). The
pulsed laser excitation signal at 400 nm was generated by the
second harmonic of a fundamental 1 kHz amplified laser system
(Spectra-Physics Spitfire). The instrument response function
(IRF) was measured to be ~20 ps fwhm.

The fluorescence decay traces of the QD—dopamine
conjugates (and control QDs) in both measurements were
fitted with a three-exponential function:

I(t) = A e/ 4 A, e 4 A, e /m (3)

Here, t is time and A; is a weighting parameter associated with
each decay time, 7. An average amplitude-weighted lifetime,
Top Was extracted from the fit as

ZAiTiz

Twve = =,
s AT (6)
The PL quenching efficiency, E, was extracted from the

steady-state or time-resolved fluorescence data, using the
expressions:

E=1—- 22 forsteady-state fluorescence
D (72)
and
T
E=1-— 22 fortime-resolved fluorescence
T (7b)

where Fp, and Fp, designate the steady-state (ensemble) PL
intensity measured for dispersions of QD—dopamine con-
jugates and QDs alone (control, without dopamine complexes),
respectively. Similarly, 7p, and 7p, respectively, designate the
average exciton lifetime measured for dispersions of the QD-
conjugates and for dispersions of QDs alone (control).
Transient Absorption. Transient absorption spectra were
recorded using Lab View-controlled home-build setup with the
400 nm ~100 fs excitation (the same as that used for the
measurements with the streak camera above) and white light
super continuum probe. Bleach decays were measured for the
green- and red-emitting sets of QDs at the first exciton peak
(the 1S,—1S, transition) to monitor electron dynamics. The
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TA decay traces for the QD-assemblies were fitted using a
three-exponential function as done above for the PL data.
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