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ABSTRACT: Solar driven carbon−carbon (C−C) bond formation is a
new direction in solar energy utilization. Earth abundant nanocrystal
based photocatalysts are highly sought after as they can potentially
eliminate expensive noble metal catalysts. A detailed understanding of
the underlying reaction mechanisms could provide guidance in designing
new systems that can activate a larger class of small molecules. Here, we
employ transient absorption spectroscopy to study a model C−C bond
formation reaction, i.e., α-alkylation of aldehydes catalyzed by colloidal
CsPbBr3 nanocrystals (NCs). We find that both electrons and holes
undergo ultrafast charge transfer (∼50 ps) from photoexcited perovskite
NCs to reactant molecules. A charge separated state lives for more than
0.8 μs, enabling a radical mechanism to form the C−C bonds. We discuss
the differences between the NCs photoredox catalysts and the molecular
catalyst.

Photocatalysis using solar energy has long been of interest to
the chemistry community.1−3 In general, photoexcitation
creates electron−hole pairs that can then subsequently transfer
(electron/hole/energy) to reactants to initiate a reaction. A
subsequent hole/electron transfer returns the catalyst to its
original state, completing the catalytic cycle (if initiated by
charge transfer mechanism).4−6 The development of new
efficient photocatalytic systems requires knowledge from many
areas of chemistry and physics, including design, synthesis,
characterizations, and mechanistic understanding, so as to
direct the solar energy into desired products with little loss.
The understanding of charge-carrier dynamics and reaction
kinetics provide key insights in designing and synthesizing new
systems.7,8

Apart from highly desired solar driven CO2 reduction
9 and

water splitting10,11 to generate fuels, producing valuable
organic products using sunlight driven photoredox catalysis is
receiving attention. Pioneering work by MacMillan12 and
Yoon13 have shown successful photodriven carbon−carbon
(C−C) bond formation, a fundamental transformation of
organic synthesis using Ru molecular based photocatalyst.
Recently, perovskite nanocrystals (NCs) are being ex-
plored14−16 as an alternative to photocatalyze such C−C
bond formation reactions under visible light. The advantage of
perovskite NCs is that product separation should be easier and
the elimination of the expensive noble metal molecular
catalysts.12,17,18 In addition to the charge transfer mechanism,

perovskites NCs can also promote efficient and rapid energy
transfer to organic substrates, generating long-lived molecular
triplets that can initiate photocatalytic reactions.19−22 NCs
surfaces can support different catalytic mechanisms and thus
offer a new type of photocatalyst with different reaction
mechanisms allowing for greater tunability in targeted
reactions.
The reaction mechanisms for NCs based photocatalytic

systems are fundamentally interesting as the charge transfer/
recombination dynamics are of crucial importance in the
design of new photocatalytic systems that can activate a larger
class of small molecules.23,24 Recent studies by Weix5 and
Weiss25 have demonstrated the use of transient absorption
spectroscopy to investigate reaction dynamics/mechanism in
CdSe NCs based photocatalytic systems. Ideally, the initial
charge transfer should be fast (efficient) and result in long-
lived intermediates that can take part in diffusion-controlled
reactions, while deleterious charge recombination needs to be
slow so that subsequent steps of the reaction can occur prior to
deactivation of the catalyst. The lifetime of the photoexcited

Received: December 13, 2019
Accepted: January 21, 2020
Published: January 22, 2020

Letter

http://pubs.acs.org/journal/aelccp

© XXXX American Chemical Society
566

https://dx.doi.org/10.1021/acsenergylett.9b02714
ACS Energy Lett. 2020, 5, 566−571

D
ow

nl
oa

de
d 

vi
a 

SA
N

 D
IE

G
O

 S
TA

TE
 U

N
IV

 o
n 

Ja
nu

ar
y 

27
, 2

02
0 

at
 1

7:
41

:0
1 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haipeng+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaolin+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yixiong+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+C.+Beard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xihan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xihan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.9b02714&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02714?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02714?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02714?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02714?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.9b02714?fig=tgr1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.9b02714?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf
yongyan
Highlight



catalyst can also dictate the specific reaction mechanism (vida
inf ra).
We employ transient absorption (TA) spectroscopy to

investigate the charge transfer and reaction dynamics of a
model CsPbBr3 NCs photocatalytic system. We study the
reaction between 2-bromoacetophenone and octanal with
dicyclohexylamine as a cocatalyst and 2,6-lutidine as a base
(Figure 1c). We find an ultrafast electron transfer process that

occurs from CsPbBr3 NCs to 2-bromoacetophenone and a
hole transfer to an in-situ formed enamine (formed via
dicyclohexylamine and octanal) or cocatalyst. In each case
the ET (electron transfer) or HT (hole transfer) is followed by
a ∼0.8/0.5 μs charge separation time. The microsecond charge
separation time is needed for the formation of C−C bonds and
is thus the limiting factor. The efficient ET and HT from
perovskite NCs confirm their great potential in organic
photocatalysis.
Colloidal CsPbBr3 NCs are synthesized using an amine-free

method19 (see the Supporting Information). Note that we
employ amine-free NCs, designed here, to avoid any possible
charge transfer (CT) to the ligand-capping amine, so that we
only focus on the CT dynamics for the desired organic
reaction. The average size of the NCs are ∼10 nm, as measured
by TEM (Figure 1a and Figure 1a inset), and they crystallize in
the orthorhombic phase similar to results in previous reports.26

The as-synthesized NCs are characterized by UV−vis
absorption and photoluminescence (PL) spectra (Figure 1b).
The onset of absorption corresponds to a bandgap of ∼2.4 eV.
The as-prepared perovskite NCs are directly employed in the
photocatalytic α-alkylation reaction (Figure 1c).
To verify that the NCs serve as photocatalysts, the reaction

should be triggered by light that is only absorbed by the NCs
and not by any other reagents in the reaction mixture. The
absorption spectra of the above reaction mixtures are
dominated by the NCs for photon energies ranging from 2.4
to 3.2 eV, as indicated by the invariance of the absorption
spectra (Figure 2a). Therefore, we employed excitation light
with 3.1 eV (400 nm) in the subsequent transient absorption
(TA) experiments to ensure only excitation of the NCs. The
probe light in the TA study consists of a white-light continuum
pulse with photon energies that span 1.6−2.8 eV (see the

Supporting Information). In all TA experiments discussed
below, the excitation power density was controlled so that only
∼0.06 excitons per NC (see the Supporting Information) are
produced. Therefore, the TA signals are dominated by NCs
that have only absorbed one photon.27,28

Figure 2b shows typical pseudocolor image plots of the TA
experiments for each sample suspended in toluene. The y-axis
indicates the pump−probe delay time, and the x-axis indicates
the probe wavelength. The color indicates the intensity of the
photoinduced absorption (PIA) or photoinduced ground state
bleach (GSB). The GSB dynamics can be followed to monitor
the reaction progress.29,30 In the pseudocolor image, the bright
red color corresponds to the photoinduced GSB of the NCs.
Figure 2c shows the normalized TA kinetics probed at the
center of the NCs GSB. Samples A, B, C, and D where NCs
with individual reactants and cocatalyst are plotted. For A, the
isolated NCs, the dynamics of the exciton decay is similar to
what has been reported and exhibits exciton recombination
dynamics that are multiexponential.27,31

Compared with the dynamics for isolated NCs, the
dynamics for B (NCs + 2-bromoacetophenone (1)) show an
initial faster decay of around 50 ps followed by a much slower
decay in the μs time frame. Such behavior is characteristic of
an ultrafast charge transfer followed by a long-lived charge
separated state.32 In contrast, for C (NCs with octanal (2)),
the transient kinetics only exhibits a slightly faster overall decay
than that observed for the isolated NCs, indicating accelerated
charge recombination with no evidence of a long-lived charge
separated state. (See Figure S1 for TRPL, which supports the
accelerated recombination.) However, when dicyclohexyl-
amine (3) is also present, in addition to octanal (sample D),
a charge transfer behavior similar to that found in B is

Figure 1. (a) TEM image of the as-synthesized CsPbBr3 NCs. The
size of the NCs are close to 10 nm. The inset of (a) shows a high-
resolution TEM image of one synthesized NC. (b) Linear
absorption and PL spectrum of CsPbBr3 NCs. The absorption
onset and the center of the PL peak is near 2.4 eV. (c) Reaction
scheme of the α-alkylation catalyzed by CsPbBr3 NCs.

Figure 2. (a) Linear absorption spectrum of A (pure NCs), B (NCs
+ 2-bromoacetophenone (1)), C (NCs + octanal (2)), D (NCs +
octanal (2) + dicyclohexylamine (3)), and E (NCs + dicyclohexyl-
amine (3)). The absorption spectrum is dominated by absorption
of the CsPbBr3 NCs. (b) Pseudocolor image plot of the TA
experiments of A−E in toluene. The y-axis indicates pump−probe
delay time, and the x-axis indicates the probe wavelength. The
bright red color corresponds to a photoinduced NCs exciton
ground state bleach while blue is a photoinduced absorption. (c)
Normalized TA kinetics probed at the center of the NCs exciton
bleach spectrum for A−D. Red-dashed traces are fits to kinetics.
(d) Normalized TA kinetics and fits for A and E. (Also see Figure
S1 for a comparison between D and E.)
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observed, with a faster decay in the ∼70 ps time frame
followed by a much slower decay (microsecond time frame),
indicating a rapid charge transfer to a charge separated state.
The addition of cocatalyst (3) induces a charge transfer
process from NCs to reactants. To further study this effect, we
compare the normalized transient kinetics for A, with that of
the NCs in the presence of just the cocatalyst (E) and the
results are shown in Figure 2d. The transient kinetics for E
shows an initial faster decay of around ∼70 ps followed by a
much slower decay in the microsecond time frame, indicating a
charge transfer between NCs and the cocatalyst.
The type of CT (electron or hole) can be studied with

cyclovoltammetry (CV). The valence band and conduction
band position of the NCs, taken from the literature,33 are +1.1
and −1.3 V vs SCE (Figure 3, close to Ru based catalyst

(Ru(bpy)3
2+) used in similar systems.12 Therefore, 2-

bromoacetophenone (1) can accept photoexcited electrons
(−1.1 V vs SCE, Figure S2), octanal (2) should not react (1.8
V vs SCE, Figure S3), and in-situ formed enamine (4) and
dicyclohexylamine (3) can both accept holes from the
photoexcited NCs (<1.1 V vs SCE for 3, Figure S4). Redox
potential determination of the exact in-situ formed enamine
structure was not successful, via CV, due to its transient nature.
However, previous studies have suggested the hole transfer can
occur from Ru(bpy)3

2+ to the enamine.13 Since Ru(bpy)3
2+ has

band positions similar to those of the perovskite NCs,12 we
suspect, in the actual reaction mixture, photoexcited holes can
transfer from the NCs to either the amine cocatalyst or the in-
situ formed enamine.
To quantitatively determine the dynamics of CT (ET and

HT), we perform kinetic analysis with exponential fittings for
the TA data. The TA kinetics can be described with three
parallel processes in eq I (see the Supporting Information):

[ ] = − · − · − ·τ τ τ− − −N t A A A( ) e e et t t
1

/
2

/
3

/1 2 3 (I)

where N(t) is the exciton population at a pump−probe delay
of t, τ1, τ2, and τ3 are the three processes that describe charge
recombination of the NCs.34 For isolated NCs, the best-fit
time constants are 260 ± 15 ps, 5.9 ± 0.3 ns, and 210 ± 19 ns,
which correspond to surface trapping (260 ps) and radiative
recombination (5.9 and 210 ns), respectively (see the
Supporting Information, Table S1).35 When charge transfer
occurs, we introduce a term to describe the fraction of
nanocrystals ( f 2) that undergo charge transfer and subsequent

charge separation. Due to the heterogeneous nature of the
reaction, some NCs might not have electron/hole acceptors
nearby and therefore this fraction ( f1) remains unchanged (see
the Supporting Information and Figure S5). Thus, eq I can be
rewritten as follows:
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Here τ4 is charge transfer time and τ5 is charge separated state
lifetime. The fitting results are shown in Figure 2c, and the
best-fit parameters are listed in Table 1. In colloidal systems,

characteristic charge transfer times from the NCs to molecules
can span from a few picoseconds to a few nanoseconds.27,36,37

Therefore, we assign the 50 ± 3 (ET) and 72 ± 7 ps (HT)
time constants to an ultrafast charge transfer from CsPbBr3
NCs to the reactants when combined with band alignment in
Figure 3. Possibly, the charge transfer observed here is an outer
sphere charge transfer from the NCs to molecules in solution.
If the molecule is directly anchored on the NCs surface, the
charge transfer can be as fast as a few picoseconds.19,27 The
0.79 ± 0.03 and 0.53 ± 0.03 μs time constants represent the
lifetimes of the charge separated state in the electron and hole
acceptor as the result of the initial ET and HT, respectively.
NCs only in the presence of octanal (Figure 2c, C (blue

curve)) did not exhibit a longer separated lifetime but a slightly
shorter lifetime in the microsecond region when compared
with the case for D (green curve). Thus, octanal does not
accept holes in the absence of the cocatalyst but, rather, likely
promotes surface ligand desorption, increasing the non-
radiative surface defect mediated carrier recombination. As
mentioned above, the HT process can occur either between
the NCs and the cocatalyst (cyan curve in Figure 2d) or
between the NCs and the in-situ formed enamine. We find here
that both are able to accept holes. However, it is likely that a
hole transfer to the cocatalyst will not produce the desired
intermediate (i.e., oxidized enamine) and, thus, is not a
desirable pathway. Therefore, the in-situ formed enamine
should be in large abundance during the reaction.
On the basis of our TA results and intermediate lifetime, we

investigated the possible mechanisms of this NCs based
photocatalytic system. Several mechanisms are proposed in the
literature for Ru based molecular photocatalytic systems.
MacMillan12,18,38 proposed a radical mechanism where the
alkyl radical from the initial electron transfer reacts with a
neutral enamine to form the C−C bond (Figure 4 dashed
arrow). Then the adduct is oxidized by the photocatalyst to
complete the reaction. Later, Melchiorre39 proposed a biradical
mechanism where photoexcitation generates both an alkyl and
enamine radical. The two radicals then form the C−C bond
and release the product, regenerating the cocatalyst. Recently,
Yoon13 and Melchiorre40 proposed a chain reaction mecha-
nism where the alkyl radical initiates a chain reaction by
reacting with the enamine. The adduct then reacts with
another neutral alkyl halide to form the product and releases

Figure 3. Electrochemical potential and energy level for NCs and
reactants.

Table 1. Best Fit Parameters for NCs with 2-
Bromoacetophenone and Octanal + Dicyclohexylamine

reactants τ4 (ps) τ5 (μs) f 2 (%)

2-bromoacetophenone 50 ± 3 0.79 ± 0.03 67 ± 2
octanal + dicyclohexylamine 72 ± 7 0.53 ± 0.03 34 ± 2
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the alkyl radical to propagate the chain. This process can
repeat for multiple cycles until the initiator is quenched. The
key differentiation in these proposed mechanisms is the
quantum yield of the reaction.40 Radical and biradical
mechanisms often generate relatively low quantum yields
(defined here as the per photon-to-product yield <10%) as one
input photon can only generate at most one C−C bond.
However, chain mechanisms can often produce much higher
quantum yields (often over 100%) as the chain can propagate
many times and one photon can generate multiple C−C bonds
and has been noted to be as high as 1800% for alkylation
reactions13,41 (meaning that one-photon yields 18 C−C
bonds). Employing the methodology developed in a similar
heterogeneous NCs photocatalytic system,15 we found that the
quantum yield in our system is close to 0.2% (see the
Supporting Information). Such a low quantum yield suggests
but does not prove that the radical or biradical mechanism
dominates for these NCs based photocatalysis.
We can also use the lifetime of the reaction intermediates

and known diffusion constants of the reactants to further
analyze the reaction mechanism (see the Supporting
Information, Figures S8−S13). In our estimate, if the
substrates 2-bromoacetaphenone (1) and enamine (4) are
both close to a single NC photocatalyst such that they both
interact with the photoexcited NC to produce the two radicals,
the average diffusion length between them will be close to 24
nm (see the Supporting Information). The diffusion constant
(D) for molecules with similar structure in toluene is close to
10−5 cm2 s−1.42 Since radical−radical coupling is very efficient,
the estimated time for the two intermediates to meet and form

a C−C bond is τ μ= ∼ 0.6 sL
D

2

using a 1-dimensional

diffusion model. Then, the quantum yield can be calculated
as percentage of charge transfer times the percentage of
remaining intermediates at 0.6 μs delay. The analysis gives

11%, 30%, and 1235% for biradical, 1 cycle radical mechanism,
and 40 cycles of chain propagation, respectively (see the
Supporting Information).
Taking another scenario, substrate (1) is close to one NC

while (4) is free or near another NC in solution, such that the
photo redox species reside near separate NCs, giving an
average diffusion length of 38.2 nm and corresponding reaction
time of 1.4 μs. The calculated quantum yields are then 0%,
1.9%, and 448% for biradical, 1 cycle radical mechanism, and
40 cycles of chain propagation (see the Supporting
Information). Therefore, with the low quantum yield
experimentally observed, we believe that the reaction in our
perovskite NCs likely proceeds via the biradical or 1 cycle
radical mechanism rather than a chain propagation. Note
that the chain mechanism is just the radical mechanism that is
allowed to propagate. Another argument in support of the
proposed biradical mechanism is that we observe a very
efficient ultrafast hole transfer to the enamine. However, solely
on the basis of our lifetime data, we cannot rule out the
radical mechanism and both pathways can likely occur
simultaneously. The primary difference between the molecular
system and NCs is that in Ru(bpy)3

2+ based systems, the
excited state lifetime can be very long (10 μs),43 allowing the
chain to propagate. However, in the NCs system, the excited
state lifetime is shorter and only the biradical or 1 cycle radical
mechanisms can occur prior to deactivation of the catalyst.
We then propose the following reaction pathway (Figure 4).

After photoexcitation, electron transfer (ET) to 2-bromoace-
tophenone is within 50 ps, reducing it to its radical anion,
which immediately dissociates into its radical (1a) and a
bromine anion. Meanwhile, there is a ∼70 ps photoexcited
hole transfer from the NCs to the in-situ formed enamine
(which is formed by the cocatalyst dicyclohexylamine and the
reactant octanal with the loss of water) or the hole can also
transfer to the cocatalyst dicyclohexylamine. The hole transfer
to the enamine will result in the formation of the radical cation
intermediate 4b. The radical cation 4b can react with the radical
1a to form the intermediate 4c (biradical mechanism).
Potentially, 1a can also react with 4 to form a structure that
is similar to 4c,(1 cycle radical mechanism) which accepts a
hole to form 4c. 4c then reacts with transient water (probably
from enamine formation) to release the final product and a
proton, along with regenerating the cocatalyst (dicyclohexyl-
amine). The base, 2,6-lutidine, neutralizes HBr.
In conclusion, we have observed ultrafast electron transfer

(∼50 ps) from CsPbBr3 NCs to 2-bromoacetophenone and
hole transfer (∼70 ps) to an in-situ formed enamine or
cocatalyst. As a result of this charge transfer, a charge separated
state with ∼0.8 μs lifetime is formed. This near microsecond
charge separated state allows the photogenerated charged
radical intermediates to form a C−C bond in a biradical
pathway but does not allow the chain to propagate. The
primary difference between the NCs photoredox catalysts
studied here and the molecular catalyst is the lifetime of the
charge separated state.
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Perovskite NCs synthesis, TA experiment setup, exciton
number calculation, TA and TRPL dynamics with

Figure 4. Proposed reaction mechanism for α-alkylation catalyzed
by CsPbBr3 NCs. Photogenerated electrons transfer from CsPbBr3
to 2-bromoacetophenone and release bromine anions to form the
radical 1a. Photogenerated holes transfer to in-situ formed enamine
to form radical cation 4b. 4b then reacts with 1a through radical−
radical coupling to form a C−C bond intermediate 4c. The radical
1a can also react with neutral 4 to form structure similar to 4c and
then that can accept a hole to form 4c (depicted as the dashed
arrow). Hydrolysis of 4c leads to the product and regeneration of
cocatalyst. Radical trapping experiments further confirm the
formation of a radical from 2-bromoacetophenone and radical
cations from enamine (Figures S6 and S7).
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different substrates, CVs of reactant molecules, kinetics
analysis with a table of fitted time constants, radical
trapping reactions with LC−MS spectra, quantum yield
calculation, reaction mechanism discussion with reaction
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