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I
ntense or extended irradiation often
changes the optical properties of CdSe
quantum dots (QDs). In many cases, the

effect of irradiation is “photoannealing”,
which increases the photoluminescence
(PL) quantum yield (QY).1�9 In other cases,
there is a reversible or irreversible decrease
in luminescence intensity.10,11 The loss of
luminescence is usually assigned to nonra-
diative processes associated with photoin-
duced particle charging. This is particularly
true under conditions of intense irradiation,
where there is a significant probability of bi-
exciton or multiexciton formation. Biexciton
Auger processes can produce highly excited
charge carriers that can be ejected from the
particle, and it is believed that particle char-
ging is the primary step in the loss of
PL intensity and the subsequent photo-
chemistry.12�16 This Auger-assisted photoio-
nization has been shown to occur in PbS and
PbSe nanocrystals.17 The subsequent photo-
chemistry has been a significant problem
in time-resolved optical studies, which often
employ intense photoexcitation, and this has
been particularly true for transient absorption
studies ofmultiexcitons.18�24 Charge ejection
can also occur following photoexcitationwith
photons having energy that is much greater

than the bandgap.25�27 In these cases, photo-
excitation directly produces hot carriers,
and interfacial charge transfer competes
with carrier cooling. Particle charging and
ligand reactions can have a dramatic effect
on thephotoluminescencedynamics. Photo-
excitation of a charged particle can produce
a positive or negative trion;a species with
two holes and one electron or two electrons
and one hole. Trions generally have low
luminescenceQYs due to radiationless decay
through an Auger process.22,28,29 Ligand
loss can also produce species with greatly
reduced PL QYs. The ligand binding site can
act as an electron or hole trap, which facil-
itates radiationless charge recombination. As
a result, PL intensity kinetics can be used as
a probe of reaction rates involving charging
and/or ligand reactions, and as such, these
kinetics canbeanalyzed to infer thenature of
the photochemistry induced by the intense
irradiation. Although photoinduced char-
ging or surface chemistry is very common
and often dominates the photophysics of
quantumdots, to the best of our knowledge,
nomechanistic studies of two-photonphoto-
darkening have been reported.
In thispaper,weexamine the initial stepand

subsequent mechanism of the two-photon
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ABSTRACT The two-photon photochemistry of CdSe quantum dots (QDs) has been

systematically studied. We find that upon intense irradiation CdSe quantum dots that absorb

two or more visible photons undergo photodarkening. The quantum yield for this process is on

the order of 6% in chloroform and much smaller in nonpolar solvents, such as octane. An

analysis of the energetics indicates that, following two-photon excitation, the biexciton

undergoes an Auger process producing a hot hole. This hot hole is ejected to a surface-bound

TOP ligand, forming a QD�/TOPþ contact ion pair that separates in chloroform, but not in

octane. The charged and deligated QD is dark, resulting in the overall photodarkening. This

photodarkening reaction may or may not be reversible, depending on what other chemical

components are in the irradiated solution. The quantum dot concentration dependence and PL

decay kinetics indicate that charge recombination occurs rapidly, followed by ligand

reattachment and reorganization on a longer (tens of minutes) time scale. The relation of this mechanism to one-photon photochemistry is also discussed.
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(biexciton) photochemistry of CdSe QDs. The QDs
used in this study are obtained from a very standard
synthesis.30 This synthesis (details given in the Experi-
mental Section) involves the reaction of a cadmium
alkyl carboxylate with excess trioctylphosphine sele-
nium in the presence of excess alkylamine and tri-
octylphosphine oxide. The solvent is octadecene, and
the reaction is run at about 260 �C. We examine several
sizes of particles and different surface chemistries.
We focus on particles having diameters of about
3.4 nm and have somewhat selenium-rich surfaces.
Purification is done by polar/nonpolar solvent extrac-
tion, which is a standard purification method. The PL
quantum yields are typically 20�25%,making this type
of QD extremely common. When these particles are
dissolved in room-temperature chloroform and briefly
subjected to pulses of intense near-UV light, their
PL quantum yield is reduced. Depending upon condi-
tions, the quantum yield may or may not subsequently
recover. When recovery does occur, it takes place on
the tens of minutes time scale. It is the photochemical
reactions associated with PL depletion and recovery
thatwe elucidate in this paper. The approach used here
is that of classical chemical kinetics: reaction rates are
measured as a function of concentrations of different
species in solution. Following a brief (several seconds)
exposure to intense photoexcitation, samples are ex-
posed to very low intensity excitation, and the intensity
of the PL is measured over the course of the next
several tens of minutes. These kinetics are obtained
with different concentrations of the QDs as well as
several other species in the solution, and the results are
analyzed to infer the reaction mechanism.

RESULTS AND DISCUSSION

1. Power Density Dependent Photodarkening: A Two-Photon
Process. CdSe QDs can undergo photochemistry as a
result of either one- or two-photon processes. It is
therefore necessary to first establish that the PL deple-
tion observed here is as a result of absorption of two
photons, producing a biexciton. The possibility of simul-
taneous two-photon absorption to produce a highly
excited single exciton can also be considered. The cross-
sections for two-photon absorption in CdSe QDs have
been measured and are on the order of 6 � 104 GM
(1GM=10�50 cm4 s photon�1).31,32 Using this value and
the known extinction coefficients for CdSe,30,33,34 the
ratio of direct two-photon absorption to sequential two
photon absorption to produce biexcitons can be calcu-
lated. This calculation assumes that the absorption cross
section is independent of having absorbed one photon.
This is a goodassumptionbecause of thehigh density of
states at the excitation energy, 3.2 eV. This calculation
reveals that the extent of direct two-photon absorption
is 4�5 orders of magnitude lower than sequential
biexciton production, which is consistent with the ob-
servation that direct two-photon absorption is typically

observable only with sub-bandgap excitation. Direct
two-photon absorption will not be further considered.

To establish that biexcitons give rise to the ob-
served photodarkening, several identical samples of
CdSe QDs were purified by two acetone/hexane pre-
cipitations, followed by resuspension in pure chloro-
form. No other species were added to the solutions,
each having a volume of 1.5mL and aQD concentration
of 1.7 � 10�6 M. The rapidly stirred samples are pre-
pared in 1 cm cells and subjected to 10 s of irradiation
with a focused beam of 1 kHz, 387 nm, 140 fs pulses.
The 1.0 cm diameter beam is focused down with
a 50 cm lens with the total power held constant as
18.5 mW. The power density is varied by controlling
the position of the samples with respect to the focus.
The result is that the number of two-photon absorp-
tions is varied while the total number of photons
absorbed remains constant. This is very similar to
other “z-scan” methods of determining nonlinear
optical properties.35,36 Immediately following expo-
sure, the sample cells are transferred to take the
emission spectra with very low excitation intensity.
The resulting PL spectra are shown in Figure 1a. The
PL intensity decreases with increasing power density
of the irradiation, indicative of amultiphoton process.
Under these conditions, the final PL spectra and inten-
sities are stable; i.e., the loss of PL intensity is essentially
irreversible.

The extent of reaction (PL loss) varies with sample
position and, therefore, with the probability of two-
photon excitation. This dependence is shown in
Figure 1b and can be modeled using a Poisson dis-
tribution to describe the number of photons absorbed
by each particle during each laser pulse. The sample is
not optically thin, so the beam intensity and hence
the probability of two-photon absorption varies with
the position in the cell. The probability of a QD in the
irradiated volume absorbing two or more photons in a
single pulse is given by

Pg2 ¼
Z L

0
dx ∑

ng2
P(n;m(x)) (1)

where P(n;m) is a Poisson distribution in the integer
variable n having an average ofm. The average number
of photons absorbed per particle per pulse is given by

m(x) ¼ m0 exp(� 2:303A387x=L)

where A387 is the sample absorbance at 387 nm, m0 is
the average at the front of the cell, and x is the position
in the cell of length L. The value ofm0 is given by

m0 ¼ 2303E387Pbeam=1000
NA(hc=λ)area

where the laser repetition rate is 1000 (s�1), the area is
the irradiation spot size (cm2), Pbeam is the incident
excitation power (0.0185 W), ε387 is the 387 nm extinc-
tion coefficient (taken to be 3.3 � 105 L mol�1cm�1 for
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these particles33), and NA is Avogadro's number. We
note that

Pbeam=1000
(hc=λ)area

is the incident photon density (photons pulse�1 cm�2)
at the front of the cell. In summing over n g 2, eq 1
assumes that reaction occurs only following absorption
of twoormore photons. The integral in eq 1 is evaluated
numerically to give the fraction of particles in the focal
volume that absorb two or more photons. The beam
diameter is typically a fewmillimeters at the sample cell,
so the focal volume is a small fraction of the total sample
volume. However, because the cell is rapidly stirred, the
fraction of reacted particles is spatially homogeneous.
With this assumption, the overall reaction probability
per pulse, denoted as Ptot, is given by the product of Pg2

and the ratio of the irradiated and total volumes:

Ptot ¼ Pg2
area� L

total volume

This probability is multiplied by the total number of
pulses in the irradiation experiment, 1000 3 time (s), and
the reaction quantum yield, Φrxn, to give the average
number of reactive events per particle during irradia-
tion. The fraction of unreacted particles is evaluated
from a Poisson distribution, with

fraction unreacted ¼ P(0; 1000PtotΦrxntime(s))

This approach tacitly assumes that once a two-photon
reaction event has occurred subsequent two-photon
absorption has no further effect. The validity of this
model is assessed by how well the power density
dependent results match the observed reaction prob-
ability. A plot of the unreacted fraction calculated as a
function of beam diameter is shown in Figure 1b. This
plot assumes a reaction quantumyield of 0.058,which is
the only adjustable parameter in the calculation. Excel-
lent agreement with the experimental measurements
is obtained, showing that two or more photons are

needed to cause photodarkening. We note that the
reaction quantum yield depends on the nature of
the QD surface. Specifically, we find that the reaction
probability is much lower (about a factor of 5) when the
nanocrystal surface is cadmium rich. This indicates that
selenium bound ligands are involved in the photo-
darkening mechanism, as discussed below.

2. Solvent and Ligand Dependence: Hole-Transfer Photoioni-
zation. Figure 2A shows that the extent of PL depletion
after irradiation depends on the polarity of the solvent.
Very little PL depletion occurs in pure octane or in
octane with an excess of oleylamine (OAm) and TOP.
Thus, independent of the other species in solution, the
two-photon photodarkening has a much lower reac-
tion probability in a nonpolar solvent. This observa-
tion has a very simple and obvious interpretation: the
depletion mechanism involves ionic intermediates
and/or ion pair separation.

Figure 2B shows that the extent of PL recovery
depends on the presence of other reagents in the
chloroform solution. The PL depletion results shown
in Figure 1 were obtained with the QDs suspended in
pure chloroform and were irreversible; little or no
recovery occurs on the minutes to hours time scale.
Particles dispersed in chloroform/OAm also show es-
sentially no PL recovery. Very different kinetics are
observed in the presence of an excess of an electron
donor ligand, such as a trialkylphosphine or triethyl-
amine. An excess of trioctylphosphine (TOP) or tribu-
tylphosphine (TBP) results in a slow (tens of minutes)
recovery of the PL intensity. The presence of triethyla-
mine (TEA) in the solution results in a similar, but
somewhat faster, recovery. It is of interest to note that
in the presence of TEA the final PL intensity exceeds the
initial value. We note that if these particles are ligand
exchanged with TEA the effect is an increase in PL
intensity. Taken together, these observations indicate
that the depletion/recover process has the effect of
exchanging surface ligands with those in solution.
Thus, Figure 2 underscores two observations that are

Figure 1. (a) Emission spectra of CdSe after irradiation with different power densities. (b) Filled dotted line is the fraction of
unreactedparticles plotted versus the diameter of the beam, calculated as described in the text; open circles are experimental
results obtained from (a). Also shown are the average total power densities (open dotted line).
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central to assigning the mechanism of PL loss and
recovery: first, that PL depletion occurs only in a polar
solvent, and second, that PL recovery occurs onlywhen
excess of TOP or a similar Lewis base ligand is present
in the solution.

These observations suggest that both ionization
and the loss and gain of surface ligands are involved
in the overall photochemistry. It is therefore important
to establish the time scale on which ligand reactions
occur. Figure 3 shows the effect of adding excess
ligands to a well-purified QD sample in chloroform
with excess OAm. Repeated purification by polar/non-
polar extraction and precipitation removes some frac-
tion of the surface passivation ligands, so the quantum
yield is initially fairly low, typically about 10%. Addi-
tion of excess ligands (in this case TOP) results in an
immediate decrease in the PL intensity, followed by
a subsequent recovery. It is important to note that
no irradiation is involved in the Figure 3 kinetics; this
simply measures the ligation time scale as determined
from the PL intensities. The initial PL decrease is likely
due to a slight etching of the surface, specifically
removal of some of the least tightly bound surface
atoms.We suggest that the subsequent recovery of the
QY is due to passivation of the newly-formed recombi-
nation sites on the particle surface. Figure 3 shows
that the PL intensity relaxes to a higher value rapidly at
first and then more slowly. It also shows that the rate
of PL recovery does not increase with increasing TOP
concentration, which is a notable result. One would
expect that if the passivation reaction were the simple
addition of a TOP to a surface recombination site, then
this rate would increase with the solution TOP con-
centration. However, Figure 3 shows that only the fast
component of the recovery is concentration depen-
dent. The concentration independence of the domi-
nant slower component indicates that this reaction
corresponds to a process in which TOP addition is not
the rate-limiting step. This suggests that subsequent
ligand-exchange reactions (presumably with an OAm

ligand) are also involved in the PL recovery kinetics.
The details of these ligands reactions are beyond the
scope of this paper. However, the important point is
that the room-temperature ligand addition and ex-
change reactions take place on the tens of minutes
time scale.

The ligation kinetics in Figure 3 are quite similar to
the PL recovery kinetics shown in Figure 2; both are
dominated by long components of about 100 min.
In the case of Figure 3, there was no irradiation, and
the only processes that can occur are ligand addition
and exchange reactions. The similar rates from these
two very different types of experiments suggests that
ligand reactions are also the rate-limiting step in the
long component of the PL recovery kinetics following
irradiation shown in Figure 2.

The above observations along with the known
ionization energetics and biexciton photophysics allow a
plausible overall reactionmechanism to be proposed. The
essence of the proposed mechanism is that two-photon

Figure 2. (A) PL recovery kinetics for samples with the same concentration of TOP and oleylamine in chloroform and octane.
Also shown is a fit curve corresponding to 15 (30%) and 120 (70%) minute PL recovery components. (B) PL recovery kinetics
for samples with different ligands in the chloroform solution.

Figure 3. PL increase kinetics following the addition of TOP
at a concentration of 16.8mM (solid circles) or 45mM (open
circles) to a purified sample of QDs dissolved in chloroform
and excess (50mM) oleylamine. Also shown are biexponen-
tial fits corresponding to 6.9 (30%) and 80 (70%) minute
relaxation components (top curve) and 13.2 (25%) and 80
(75%) minute relaxation components (bottom curve).
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excitation results in the TOP-ligated QD dissociating
into a positively charged TOP ligand and a deligated,
negatively charged QD, as indicated in reaction 1.

QD��
TOP sf

Auger
QD�

TOP(h�)sf
charge

transfer
QD�=TOPþ

sf
ion

separation
QD�

unligated þ TOPþ(dark)

(reaction 1)

The product QD has a greatly reduced lumines-
cence QY for two different reasons. First, the loss of
the TOP ligand leaves a surface trap state that acts as
an electron�hole recombination center, and second,
charged particles are typically only weakly luminescent.
This is because when a negatively charged particle
absorbs a photon it has two electrons and one hole. This
negative “trion” undergoes comparatively fast nonradia-
tive Auger decay, making the particle less luminescent
than a neutral QD. This negatively charged state is
often referred to as a “gray” state.29,37�42 The PL recovers
only when the TOP ligand is replaced and the charge
neutralized. The difference in reaction probabilities for
cadmium- versus selenium-rich particle surfaces can be
understood in terms of reaction 1. Cadmium-rich sur-
faces will bind fewer TOP ligands43 and therefore be less
likely to undergo this reaction.

The separation of TOPþ and QD� ions occurring
in chloroform, but not in octane, can be understood
in terms of the energetics of charge separation. It is
therefore useful to examine the biexciton photo-
physics which define the initial processes following
two-photon excitation. Absorption of two photons
produces a state at close to twice the (560 nm) band-
gap energy, or 4.43 eV, as indicated in Scheme 1. Bi-
excitons (indicated as QD** in reaction 1) are known to
undergo a fast Auger process in which the energy of
one electron�hole pair is predominantly given to the
other hole, exciting it to deep into the valence band.28

The energetics of this excited hole state (indicated as
QD*(h*) in reaction 1) are crucial to subsequent steps
of the overall reaction and most easily considered in
terms of ionization energies. The relevant energetics
are shown in Scheme 1 and are obtained as follows:
CdSe has a bulk valence band edge at about 5.8 eV
below the vacuum level.44 The quantum confinement
energy for an exciton at 560 nm is about 0.47 eV, about
20% of which is in the hole. This puts the relaxed hole
energy at about 5.9 eV. The energy of the lowest
exciton is 2.21 eV, which can be put into either carrier
by an Auger process. Auger transfer into the hole is
the dominant process and puts the hot hole is at twice
the bandgap energy, as depicted in Scheme 1. Thus,
the hot hole at about 8.1 eV below the vacuum level. A
realistic estimate of the errors involved in this determi-
nation is that it is likely correct to within 0.1 or 0.2 eV.

The TBP or TOP ionization energies do not appear to
have been measured. However, the gas-phase triethyl-
phosphine ionization energy has been determined by

several different methods. It is reported to be any-
where between 7.6 and 8.52 eV by photoelectron
spectroscopy45,46 and 8.18( 0.05 by electron impact.47

Vertical ionization energies are more relevant to an
extremely fast charge transfer and are slightly higher,
8.3�8.4 eV.48,49 The longer alkyl chains of TBP or TOP
should lower the ionization energy very slightly. Using
the vertical ionization energies, we conclude that two-
photon hole ejection to form a separated QD�/TOPþ

ion pair is approximately 0.2�0.3 eV energetically uphill
(in vacuum) from the hot hole formed by the biexciton
Auger process. Based on these energetics, one would
conclude that the formation of gas phase separated ions
should not occur. However, solvent stabilization plays
a major role in the energetics of ion separation and can
be estimated from electrostatic considerations, analo-
gous to what is done in Marcus theory. An estimate for
stabilization energy can be obtained by using a model
in which reactants are treated as spheres of radii a1 and
a2 and the solvent is treated as a dielectric continuum.
The solvent stabilization energy is given by50

V ¼ q

4πε0

1
2a1

þ 1
2a2

� 1
r

� �
1� 1

ε

� �
(2)

where ε is its static dielectric constant, r is the distance
between the centers of two reactants spheres and q

is the electron charge. Evaluated for radii of 1.7 and
0.8 nm, for QD and a TOPmolecule, respectively, solvent
stabilization energies for (infinitely) separated QD� and
TOPþ ions of 1.04 and 0.65 eV in chloroform (ε=4.8) and
octane (ε = 2.0), respectively, are obtained. Scheme 1
shows that separated ion-pair formation is energetically
favorable in both solvents. However, formation of sepa-
rated ionsmust occur through the contact ionpair,which
is initially formed by hot hole transfer. The dissocia-
tion energies for a QD�/TOPþ contact ion pair is given
by eq 3.

ΔVsep ¼ q
4πε0

1
ε

1
a1 þ a2

� �
(3)

If we take the contact ion pair separation to be the
sum of the ionic radii (0.8 and 1.7 nm), this simple
calculation indicates that ion separation is energeti-
cally uphill by 0.12 eV in chloroform and 0.29 eV in

Scheme 1. State Energetics for 3.4 nm CdSe QDs
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octane, as shown in Scheme 1. The contact ion pair
can either separate or undergo charge recombination
to return to the ground state. Charge recombination
results in the luminescent particle being returned to its
ground state;it has not lost ligands and is still bright.
Thus, once the contact ion pair is formed, it is the
competition between dissociation and charge recom-
bination that determines the probability of photodark-
ening. These energetic considerations indicate that
dissociation of the contact ion pair has a much higher
Coulombic barrier in octane (0.29 eV) than in chloro-
form (0.12 eV), and this barrier causes the process of ion
separation to not effectively compete with charge
recombination in octane. The net result is a much
lower photodarkening reaction probability in octane.

We have measured the reaction probabilities for
several sizes of CdSe QDs varying from 2.8 to 4.6 nm in
diameter. The results show little or no size dependence
in the reaction probability over this range. For example,
results on 4.6 nm particles show a slightly lower reac-
tion probability, compared to the 3.4 nm particles.
In this case, the observed reaction probability is about
0.04, which is about 30% lower than the 3.4 nm
particles. The reaction probabilities are a sensitive
function of the extent to which the particle surfaces
are cadmium versus selenium rich, and the observed
size dependent differences are probably within the
batch-to-batch variability for each size. The lack of
a strong size dependence can be understood in terms
of two size dependent effects which change the reac-
tion probability in opposite ways. First, the energetic
driving force for charge transfer to form the contact
ion pair decreases with increasing particle size. Since
charge transfer competeswith hot hole cooling, increas-
ing particle size will tend to decrease the probability of
forming the contact ion pair. Second, although dissocia-
tion of the contact ion pair is energetically unfavorable,
it becomes less so as the particle size increases. Thus,
once the contact ion pair is formed, the probability
of forming the separated ion pair will increase with
increasing particle size. The energetics associated with
the formation and separation of the contact ion pair
are shown in Scheme 1. Some quantitative aspects of
the size dependent energetics of both processes can
be considered. Scheme 1 shows that formation of the
contact ion pair is very energetically favorable, about
0.91 eV for 3.4 nm CdSe particles. Hole cooling results in
loss of 2.2 eV (the band gap energy) and charge transfer
is energetically favorable only prior to the loss of 0.91 eV
of this energy. Larger particles have less hole quantum
confinement and a smaller bandgap energy and there-
fore produce a less energetic hot-hole state. Comparing
3.4 and 4.6 nm particles, the energetic difference be-
tween the hot-hole state and the contact ion pair state
decreases from0.91 to 0.59 eV. This smaller driving force
would be expected to significantly decrease the prob-
ability of contact ion pair formation. The size-dependent

energetics of contact ion pair separation go the other
way. The separated ion pair is slightly energetically
uphill, and the extent of this energetic barrier is given
by eq 3. In the case of 4.6 nm particles in chloroform,
the contact ion pair dissociation energy is calculated
to be 23 meV less than for 3.4 particles, increasing the
dissociation probability. We conclude that over this
range of sizes these two effects approximately cancel
each other and little size dependence of the photodark-
ening reaction probability is observed.

3. PL Recovery Kinetics. Recovery of the PL intensity
requires that the negative charge on the QD be neu-
tralized and that the newly-formed vacant surface site
bepassivated. Themost simple andobviousmechanism
for these two things to occur is through a concerted,
second-order process in which a TOPþ reattaches to
a vacant surface site produced by TOPþ dissociation.
However, the PL recovery results in Figure 2 do not
follow simple second-order kinetics. Furthermore, such
a simple mechanism does not explain why the slow
component closely matches the ligand addition and
exchange kinetics in Figure 3. These observations sug-
gest that the PL recovery mechanism is more compli-
cated than a single, concerted reaction. We propose a
mechanism in which charge recombination with TOPþ

is relatively fast and followed by ligation with either
OAm, TOP, or Cd(OA)2. This assignment makes sense in
terms of the ion concentrations and the lack of charge-
transfer steric considerations. Charge neutralization can
occur whenever the TOPþ comes in contact with a neg-
atively charged QD, with little or no steric restriction. It
seems reasonable that this reaction could occur at close
to a diffusion limited rate. A simple calculation51 shows
that with this assumption and at the present concentra-
tions charge neutralization should be very fast. The
QD concentrations are typically 1�2 μM, and typically
25% of the particles undergo photodarkening. Thus, the
initial QD� and TOPþ concentrations are on the order of
0.5 μM. If the TOPþ hydrodynamic radius is taken to be
0.8 nm, then calculation of the diffusion limited second-
order charge recombination rate constant for singly
charged ions in chloroform gives a value of about
4.6� 1010 L mol�1 s�1. The overall time scale for charge
recombination canbe taken tobe the initial half-life, and
with the present concentrations, this is on the order
of 20 μs. This is much faster than the observed tens
of minutes time scale for PL recovery, and it follows that
the rate of PL recovery is limited by subsequent ligand
reactions. Religation could occur with either the TOP or
OAm ligands in solution and could be followed ligand
rearrangement or exchange. Although these ligand
reactions could be fairly complicated the basic idea is
that it is ligand reactions, rather than charge recombina-
tion that limits the PL recovery. A very simple version of
this mechanism is indicated in Scheme 2.

The proposed mechanism starts with the charged,
unligated QD (QD�

x) and postulates two potential
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intermediates: the neutral, unligated QD (QDx) and the
neutral QD, ligated with OAm (QDA). The proposed
mechanism also postulates four reaction rates: charge
neutralization (kN), ligation with TOP or OAm (kP or
kA, respectively), andOAm to TOP ligand exchange (kx).
Reactions 2�5 correspond to the reactions indicated
in parentheses in Scheme 2. The relatively fast charge
recombination in this mechanism results in a signifi-
cant simplification: the charged QD, ligated with OAm
or TOP, are not considered. These species correspond
to the “gray state” in blinking studies and are discussed
later.

Passivation by Cd(OA)2 can also be considered, and
Figure 4 shows that the PL recovery kinetics depend
on the concentration of cadmium oleate in solution.
Without the addition of Cd(OA)2, the PL recovery
kinetics are dominated by a 120 min component. This
is assigned to TOP and OAm passivation of the vacant
site on the QD. Addition of Cd(OA)2 results in a large
8.5 min recovery component, reaction 6 (Scheme 2). In
Figure 4, TOP and OAm are present at concentrations
of 15 and 20 mM, respectively. The concentration
of added Cd(OA)2 is about 0.65 mM, more than 1 order
of magnitude lower than the TOP and OAm concentra-
tions. These results indicate that Cd(OA)2 more rapidly
passivates the surface site vacated by the TOPþ

dissociation than does a solution-phase TOP ligand
and that kCd is much larger than kP or the smaller of
kA and kX.

Although the relative rates in reactions 2�6 are
qualitatively consistent with the observed reaction
times, the biexponential recovery in Figure 4 indicates
that this mechanism is somewhat oversimplified.
Specifically, a fast reaction with excess Cd(OA)2 should
result in a single exponential decay, with the rate
dominated by reaction 6 (Scheme 2). The presence
of the slower, 120min decay component indicates that
not all of the TOP ligation sites are equally reactive with
cadmium ions. The presence both fast and slow com-
ponents indicates that some of the sites are reactive
with TOP but essentially unreactive with Cd(OA)2. This
type of surface inhomogeneity is common and is why
QD ensembles rarely give exponential PL kinetics.

Reactions 3�6 are pseudo-first-order processes,
and as such the mechanism in Scheme 2 predicts that
quantum dot concentration should have little effect
on the PL recovery kinetics. Figure 5 shows that this is
the case.

In this experiment, the irradiated sample was di-
luted by a factor of 1.8 immediately following irradia-
tion. The diluent is a chloroform solution containing
the same concentrations of TOP and OAm (60 and
40 mM, respectively) as the reaction solution. Thus,
only the QD� and TOPþ concentrations are reduced.
The resulting PL recovery curve is scaled by a factor of
1.8 for comparison to theundiluted sample; see Figure 5.
The diluted and undiluted samples show comparable

amounts of PL recovery, and both recover on the same
time scale, with both samples showing 8.5 and 120 min
recovery components. This is consistent with the reac-
tions in Scheme 2. Figure 5 also shows that the relative
amplitude of the 8.5 min component in the undiluted
sample is a factor of 1.8 larger than in thediluted sample.

Scheme 2. Proposed Two-Photon Reaction Mechanism
(Numbers in Parentheses Indicate the Reaction Numbers
Shown Below the Mechanism)

Figure 4. Plots of relative PL intensity as a function of
recovery time for identical samples with (open circles) and
without (solid circles) added cadmium oleate. Also shown
are fit curves corresponding to an 120min slow component
and an 8.5 min (with Cd(OA)2) and 14min (without Cd(OA)2)
component.

Figure 5. PL recovery kinetics as a function of QD concen-
tration. The low concentrations results have been scaled by
the dilution factor for comparison with the high concentra-
tion results. Also shown are fit curves having 8.5 and
120 min decay components. The 8.5 min components
are 23% and 42% of the recoveries for the low and high
concentrations, respectively.
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We assign this component to the initial solution having
a small but significant concentration of residual Cd(OA)2
that comes through the purification process with the
particles; see Figure 4. In the case of Figure 5, noCd(OA)2
has been added to either solution but the residual
Cd(OA)2 is sufficient to cause a significant fast recovery
component. Dilution causes a factor of 1.8 drop in the
concentration of residual Cd(OA)2, resulting in the
correspondingly smaller fast component for the diluted
solution.

4. Charged Quantum Dots. One can also consider the
possibility that ligand recombination (reactions 3�6)
occurs on the same or faster time scale than charge
neutralization (reaction 2). If this occurs, then a ligated,
negatively charged QD would be formed. The extra
electron could be in either the conduction band
or localized in a surface trap state. If the electron were
in the conduction band, then photoexcitation of this
species would produce a negative “trion”, a species
having two conduction band electrons and a valence
band hole. As mentioned above, such species have
been postulated in the literature on quantum dot blink-
ing. It has been suggested that Auger recombination
competes with radiation, making the luminescence
quantum yield of these species lower than that of the
uncharged particles; they are assigned as being the
“gray state” in blinking studies.29,37�42 The presence of
two conduction band electrons results in a radiative rate
that is twice that of the single exciton. Thus, in the
present experiments, the spectral signature of these
charged particles should be a comparatively intense,
short-lived component in PL decays. The magnitude
of such a component would be expected to vary as PL
recovery occurs. Literature reports indicate that nega-
tive trions have a lifetime on the order of 100�400 ps.
Cohn et al.22 report a negative trion lifetime of about
150 ps for this size of CdSe QD. Our studies of the posi-
tive trions and biexcitons suggest a negative trion time
of about 350 ps for this size particle.52 These times are
comparable to or somewhat longer than the temporal
response function of our TCSPC apparatus (about
150 ps), and we infer that if a high concentration of
negative trions were being produced we should be
able to detect them. PL decays are shown in Figure 6
and show no evidence of a fast component that could
be assigned to charged QDs.

The primary difference in these decays is the ampli-
tude, with little change in the kinetics. We have looked
for the trions with several different sizes of particles
with different types of surface ligands, but in all cases
of these single-component CdSe QDs no indication of
the trion is detected. The most obvious reason is that
charge neutralization occurs very rapidly and a signifi-
cant concentration of charged QDs does not build up in
the solution (Scheme 2). This explanation is consistent
with reported rates of QD charge neutralization.24,53 It is
also consistent with calculated diffusion limited charge

recombination rates discussed above and all of the
other results presented here. All of this suggests that
the charge recombination occurs much faster than
ligand reattachment in these particles, as indicated in
the mechanism in Scheme 2. We cannot, however
completely rule out the possibility that charged QDs
are present and the excess electron is in a surface trap. A
surface-trapped electron could undergo rapid radiation-
less recombination with a hole produced by photoexci-
tation, rendering the particle dark. However, this seems
unlikely because the PL quantum yield of these particles
is moderately high (typically 20�30%), and one would
expect a significant fraction of the charged particles to
have the excess electron in the conduction band.

CONCLUSIONS

In this paper, we have systematically studied the
two-photon chemistry of CdSe QDs. The conclusions of
these studies may be summarized as follows.

(1) Upon intense irradiation, CdSe quantum dots
undergo two-photon excitation to produce
a biexciton, which ultimately results in a loss
of photoluminescence quantum yield, photo-
darkening. We have established that upon ab-
sorption of two or more photons the quantum
yield for this process is on the order of 3�6%
in chloroform and much smaller in nonpolar
solvents, such as octane.

(2) An analysis of the energetics and solvent de-
pendence of the photodarkening reaction in-
dicates that following two-photon excitation
the biexciton undergoes an Auger process that
produces a hot hole. The hot hole may relax
or be ejected to a surface-bound TOP ligand,
forming a QD�/TOPþ contact ion pair. The ion
pair dissociates to separated ions in chloroform,
but not in octane.

(3) The photodarkening reaction may or may not be
reversible, depending on whether an excess of
surface ligands is present in the irradiated solution.

Figure 6. Time-resolved PL decay curves taken before irra-
diation and at increasing times after irradiation (1�81 min),
as indicated. The inset shows normalized 1 and 81 min
decays.
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Concentration-dependent studies indicate that
charge recombination occurs rapidly, followed
by ligand reattachment and reorganization on a
longer (tens of minutes) time scale.

(4) The negatively charged quantum dot is not
observed in the spectroscopic measurements.
This is presumably because of the fast charge
recombination mechanism.

Finally, we note that although the photodarkening
mechanism elucidated here is studied in the context
of two-photon excitation, it is probably much more
general. The mechanism is based on the production
of a hot hole by an Auger process. We have recently

shown that neutral CdSe/CdS and CdSe/ZnSe core/
shell QDs undergo thermally induced surface
charging.52,54 This results in a particle having a surface-
bound electron and a hole in the valence band. Photo-
excitation results in two valence band holes and a
conduction band electron�it is essentially a positive
trion. This species can also undergo an Auger process,
producing a hot hole which could do exactly the same
chemistry as is described here. As such, the mechanism
describedhere could bea significant one-photon photo-
degradation mechanism for CdSe-based QDs. The ex-
tent to which this occurs is currently being studied and
will be reported in later papers.

EXPERIMENTAL SECTION

Chemicals. Cadmium oxide (CdO, 99.5%), trioctylphosphine
oxide (TOPO, 90%), octadecylamine (ODA, 90%), trioctylphos-
phine (TOP, 97%), octadecene (ODE, 90%), oleylamine (OAm,
70%), and hexane (99.8%) were obtained from Aldrich. Selenium
(Se, 99%), oleic acid (OA, 90%), and chloroform (CHCl3, 99.8%)
were obtained from Alfa Aesar. ODA were recrystallized from
toluene before use. TOPO was purified by repeated recrystalliza-
tion from acetonitrile. Chloroform and acetone were purified
by distillation over P2O5. Oleylamine was purified by vacuum
distillation over calcium hydride. All other chemicals were used
without further purification.

Synthesis of 2.8 nm CdSe Particles. CdO (0.2 mmol, 25.7 mg) was
mixed with 300 mg of steric acid and 2.5 mL of ODE and heated
to 250 �C to obtain a colorless solution under N2 flow. After the
solution was cooled to room temperature, 1.0 g of ODA and
0.4 g of TOPO were added. The mixture was then heated to
275 �C. At this temperature, a selenium solution containing
1 mmol (78 mg) of Se, 0.90 g (2.4 mmol, 1.1 mL) of trioctylpho-
sphine (TOP), and 0.7 mL of ODE was quickly injected under N2.
The heating mantle was removed immediately after the injec-
tion, and the reaction was quenched after 20�30s.

Synthesis of 3.4 nm CdSe Particles. CdO (0.2 mmol, 25.7 mg) was
mixedwith 0.4mL of oleic acid, and 2.5mLODE andwas heated
to 250 �C to obtain a colorless solution under N2 flow. After the
solution was cooled to room temperature, 1.0 g of ODA and
0.4 g of TOPO were added. The mixture was then heated to
280 �C. At this temperature, a selenium solution containing
1 mmol (78 mg) of Se, 0.90 g (2.4 mmol, 1.1 mL) of trioctylphos-
phine (TOP), and 0.7 mL of ODE was quickly injected under N2.
The reaction was kept at 255�260 �C for 1�2 min and then
cooled to room temperature.

Synthesis of 4.6 nm CdSe Particles. CdO (0.2 mmol, 25.7 mg) was
mixed with 0.4 mL of oleic acid and 2.5 mL of ODE and was
heated to 250 �C to obtain a colorless solution under N2 flow.
The Se precursor was prepared by dissolving 1 mmol (78 mg)
of Se into a mixture of 1 mL of TBP and 0.7 mL of ODE at 200 �C.
When the whole mixture was cooled to room temperature,
0.5 mL of oleylamine was added. The Se precursor was injected
into the Cd precursor at 285 �C, and the reaction was then
maintained at 250 �C for 2.5 min.

Purification Method. In a typical purification, 1 mL of as-
synthesized CdSe solution was added to 2 mL of acetone and
the mixture centrifuged followed by removal of the super-
natant. Hexane (3 mL) was then added to dissolve the pre-
cipitated particles. The solution was cooled in the ice bath and
centrifuged for several minutes to remove undissolved solids.
The hexane supernatant was decanted alongwith the dissolved
particles and acetone added to reprecipitate the particles from
solution. The supernatant was removed, and the particles were
resuspended in chloroform-based solutions containing different
amounts of TOP, OAm, and Cd(OA)2 for spectroscopic measure-
ments. The amounts of TOP, OAm, and Cd(OA)2 were measured

using a 50μL glass syringe to give the concentrations specified in
the text.

Characterization. UV�vis spectra were taken using a Cary 50
SCAN UV�vis spectrophotometer. Static photoluminescence
measurements were performed using a Jobin-Yvon Fluorolog-3
spectrometer. The instrument consists of a xenon lamp/double
monochromator excitation source and a spectrograph/CCD
detector. Time-resolved luminescence measurements were con-
ductedby time-correlated single-photoncounting (TCSPC), exciting
samples with very low intensity 410 nm pulses at 1 MHz from a
cavity-dumped frequency-doubledCoherentMIRA laser. Inall cases,
the luminescence was focused through a 0.25m monochromator
with a 150 groove/mm grating onto a Micro Photon Devices PDM
50CT SPAD detector.

Measurement of Luminescence Quantum Yields. Quantum yields
were determined by comparison of the nanoparticle spectra
with the spectrum of dilute Rhodamine 6G (R6G) in methanol
using the appropriate spectral calibration factors. This compar-
ison involves collection of the luminescence spectra in face-on
geometry. The absorbance of the nanoparticles and Rhodamine
6G samples were small, typically about 0.1. The quantum yields
are determined by taking the ratio of areas under the lumines-
cence spectra. These spectra are corrected for monochromator
throughput and detector efficiency. The nanoparticles and
Rhodamine 6G PL spectra are at close to the samewavelengths,
so the relative correction factors are close to unity. The quantum
yield of nanoparticles is calculated by

Φparticle ¼ 1 � 10�AR6G

1 � 10�Aparticle

Sparticle
SR6G

�ΦR6G

where AR6G and Aparticle are the absorbance of R6G and
nanoparticles at excitation wavelength, respectively, SR6G
and Sparticle are the corrected areas under the fluorescence
curves of R6G and nanoparticles, respectively, andΦR6G is the
quantum yield of R6G in the dilute methanol solution, taken to
be 95%.

Samples Irradiation. Sample excitation is accomplished with
the 387.5 nm second harmonic of a Clark CPA 2001 light source,
which produces 140 fs, 600 μJ, 775 nm pulses at a repetition of
1 kHz. Sample excitation iswith the secondharmonic of this light,
at 387 nm. Theexcitationpower at the samplewas typically 8mW
and focused to a beam diameter of about 1.3 mm for an irradi-
ation time of 15 to 60 s. The power-dependent experiments
were done at somewhat higher powers (18.5 mW) for shorter
times (10 s).
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