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As-prepared, hydrophobic NQDs are soluble in a variety of
nonpolar solvents. Transfer from the organic phase to the aqueous & 501 — 2500 mM BME
phase can be effected by ligand exchange. In the most frequently z 404 —— 500 mM BME
used and simplest procedure, the original ligands are replaced with = a0 50 mM BME
bifunctional thiol ligands. This method has been widely used in E
biomolecular tagging and biosensing applicatiéns. g 201 — 25 mM BME
The impact of thiol ligands on the photophysical properties of 3 10 — 0 mM BME
CdSe NQDs is complicated and often deleterious. Fhighnd od : .
exchange leads to reduced photoluminescence (PL) compared to 001 04 100

1 10
Time (hours)
Figure 1. Effect of BME concentration and time on PL QYs of CdSe/ZnS
NQDs (pH 7.2; NQD concentration is 0.QaM, determined opticali?).

the starting hydrophobic NQBS-urther, it has been reported that
thiol-derivatized CdSe NQDs are not temporally stable, losing
solubility over time. This was attributed to photocatalytic oxidation
of the thiol ligands to disulfide$.Improved thiol ligand systems,
for example, poly(ethylene glycol)-terminated dihydrolipoic acid
compounds, provide significantly enhanced NQD stability, but the
exchange reaction still leads to diminished PRecently, Hohng
and Ha reported an unexpected effect of thibhiercaptoethanol,
BME) when they added small amounts to streptavidin-conjugated
polymer-encapsulated CdSe/ZnS core/shell N®Disey observed
complete suppression of blinking in single-dot studies of thiol- o -rz.ume D:‘I'a”pif; 0 11?33 De‘:aﬂv (p:}"
treated NQDs. The issue of NQD blinking is critical for applications

that rely on single-dot emission. To better understand the contradic- 0 min Ez 0 /.ﬂ\
==5min jG< no BME
——a3h | neutral
>1.5

tory reports regarding the effect of thiols on NQD photophysics, 3

m—  after BME

we studied PL efficiency and carrier (electron and hole) dynamics ;;2 & : m;‘:;
as functions of thiol concentration, time, and pH. Under such z £1.0
controlled conditions, we conclude that thiolates, rather than thiols, 1

51
0.5 \\\tk.
comprise the “active” species that affect NQD optical properties. 0 Cl

We prepared CdSe/ZnS core/shell NQDs following standard 0 11__2 3 45 T 1|_q 100 1000
literature procedurdd” and subsequently transferred them to the ime (ns) ime (min.)

aqueous phase usind a polvmer encapsulation methad em Figure 2. (a) Upon addition of BME to a pH-neutral CdSe/ZnS NQD
q p g a poly p } solution, the electron decay channel (fast 2 ps time constant) disappears.

ployed 40% octylamine-modified poly(acrylic acitifhis method (b) Electron dynamics (up to 1 ns) are stable, with no return of the fast
allowed us to avoid the use of thiol as the solubilizing agent, as component over many hours. (c) Time-resolved PL demonstrating the
thiol ||gand exchange reactions require exposure of the NQDS to appearance over several hours of a new decay channel (1.6 ns dynamics).

high thiol concentrations~neat). The NQDs had a core diameter (@) PL intensity as a function of time and pH (total [BME]: 250 mM).

of 3.0 nm, with the lowest, 1S absorption feature at 530 nm and a the high QYs were stable>(12 days). The highest studied
PL maximum at 546 nrif? Polymer encapsulation allowed retention  concentration (2500 mM) produced an immediate drop in PL, with
of high as-prepared quantum yields (QYs) in emission (45% in no luminescence measurable within a day. This BME concentration
hexane to 37% in water) and provided a more direct analogy to provides the closest comparison with traditional ligand-exchange
the Hohng and Ha report in terms of NQD chemistry. N&tbiol reactions, which also result in diminished PL.

samples were mixed well prior to analyses, and samples were stored Employing time-resolved spectroscopic techniques allowed us
in the dark. MES (pH 5.5 and 7.2) and borate (pH 9.2) buffers to gain insight into the mechanism of PL increase and subsequent

(100 mM) were used to control pH over three pH ranjaalhile decrease upon BME addition. First, we studied TA by measuring
continuous wave ofy) PL was used to characterize QYs, a time-dependent changes in 1S absorption after excitation of an NQD
combination of time-resolved transient-absorption (#And PL solution (100 fs time resolutiort},where TA is sensitive only to
(t-PL) measurementdwas used to monitor dynamics of photoex- changes in electron dynami¢sUpon BME addition to a solution
cited electrons and holes. (pH 7.2) of polymer-coated NQDs, a fast component (decay time

The influence of BME on PL was highly concentration-dependent ~2 ps) present in the original sample disappears (Figure 2a) and
(Figure 1). Lower concentrations (2500 mM) resulted in PL does not return over time (Figure 2b). This indicates the stable
enhancement, up to 1x7 with a concentration-dependent decline passivation of electron traps upon BME addition. Second, we
observed over time. PL enhancement was temporally delayed for studiedt-PL,*2which is sensitive to both electron and hole dynamics
the lowest BME concentration (25 mM); however, once achieved, (70 ps time resolution). We observed an increase in PL amplitude

10126 = J. AM. CHEM. SOC. 2005, 127, 10126—10127 10.1021/ja042591p CCC: $30.25 © 2005 American Chemical Society
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Figure 3. Control experiments. (a, b) TA artePL for aqueous solutions
(pH 7.2) before and after MTE addition. (c, d) TA atéPL for hexane
solutions before and after DT addition. Dynamics unchanged in all cases.

immediately following BME addition without a change in nano-
second dynamics (Figure 2c). The amplitude enhancement is
consistent with the passivation of electron traps observed in the
TA experiment. Significantly, within a few hours, an additional

decay channel (decay timel.6 ns) appeared (Figure 2c). As the

TA data did not indicate any change in the electron dynamics on
the nanosecond scale, the new decay channel is attributed to hol

well with cw-PL measurements (Figure 2d, pH 7.2), where an initial
PL increase can be explained as a reduction in the number of
electron traps and subsequent PL decline as formation of hole traps
The direct observation of electron trap passivation and its correlation
with enhanced PL is unique in terms of connecting a specific-thiol
NQD interaction with a positive impact on NQD PL and may also
assist in explaining the previously reported blinking suppression
that was observed for similar low BME concentratiéns.

BME dissociates in aqueous solution to thiolat&{pf 9.6)1°
To determine which moiety contributes to the observed PL changes,
we first studied the pH-dependency of PL (Figure 2d). Starting with
a total BME concentration of 250 mM, the relative thiol and thiolate
concentrations were controlled by pMIn basic conditions (pH
9.2), where the thiolate concentratiomid00-fold higher than in

neutral solution, a strong PL decrease was observed. Whereas in

acidic conditions (pH 5.5), where the thidhiolate equilibrium

€,
. . t
dynamics (see below). The time-resolved measurements correlate

ability. Once these sites are saturated, additional thiolates play the
role of hole traps. As reported previously, it is energetically
favorable for a photogenerated CdSe hole to trap to a surface-bound
“thiol” molecule 8 While previous studies have not differentiated
the roles played by thiols and thiolates, our results show that these
distinctions are critical to the understanding of concentration, pH,
and thiol chemical classification (i.e., primary versus secondary)
effects.

The precise fate of the thiolate-trapped hole has yet to be
determined. Hole transfer to a thiolate anion results in formation
of a thyil radical (RS, and RS can couple with a second RS
generating a noncoordinating disulfide (RSSRAlternatively, the
NQD electron and the thiolate-trapped hole can recombine radia-
tively (deep-trap emission) or nonradiatively, returning the NQD
thiolate pair to its original state but circumventing band-edge
emission. Both disulfide formation and electreimole recombination
lead to reduced PL, and the two processes likely compete. The first
is a bimolecular reaction whose rate depends on the concentration
of the reacting molecules, which is directly related to thiolate
concentration. At increasing thiolate concentrations, radical con-
sumption by disulfide formation can dominate. Also, at high
concentrations, thiolates can effectively displace a majority of the
native TOPO/TOP ligands. In this case, subsequent loss of thiolates
to disulfide can lead to ligand shell instability and NQD aggrega-
on# We observe aggregation only for the highest total thiol
concentration (2500 mM.

In summary, we have determined that the effect of thiols on NQD
PL can be favorable or adverse, depending on the concentration of
the thiolate anion, which is influenced by absolute initial thiol
concentration, pH conditions, and/or thiol exposure times. The pH-
dependent results, coupled with the concentration data, point to an
optimal thiolate presence that can support long-term high QYs.
Understanding the role of surface ligands is critical to the design
of stable, high-QY, nonblinking NQDs.
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preliminary results for ZnS-shell- and NQD-size-dependence of
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