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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 catalyst. 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., a-alkylation of aldehydes catalyzed by colloidal CsPbBr;
NCs. We find that both electrons and holes undergo ultrafast
charge transfer (~ 50 ps) from photoexcited perovskite
nanocrystals to reactant molecules. A charge separated state
lives for more than 0.8 ps enabling a radical mechanism to
form the C-C bonds. We discuss the differences between the
NC photoredox catalyst and molecular catalyst.

Photocatalysis using solar energy has long been of interest
to the chemistry community.’3 In general, photoexcitation
creates electron-hole pairs that can then subsequently trans-
fer (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¢ The development of new
efficient photocatalytic systems requires knowledge from
many areas of chemistry and physics, including design, syn-
thesis, characterizations and mechanistic understanding, so
as to direct the solar energy into desired products with little
loss. The understanding of charge-carrier dynamics and re-
action kinetics provide key insights in designing and synthe-
sizing new systems.7-8

Apart from highly desired solar driven CO, reduction® and
water splitting’* to generate fuels, producing valuable or-
ganic products using sunlight driven photoredox catalysis is
receiving attention. Pioneering work by Macmillan®> and
Yoons has shown successful photo-driven carbon-carbon
(C-C) bond formation, a fundamental transformation of or-

ganic synthesis using Ru molecular based photocatalyst. Re-
cently, perovskite NCs are being explored'+'¢ as an alterna-
tive 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.”> 78 In addi-
tion 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.’9>> NCs surfaces can sup-
port different catalytic mechanisms and thus offers a new
type of photocatalyst with different reaction mechanisms al-
lowing for greater tunability in targeted reactions.

The reaction mechanism for NC based photocatalytic sys-
tems is fundamentally interesting as the charge transfer/re-
combination dynamics are of crucial importance in the de-
sign of new photocatalytic systems that can activate a larger
class of small molecules.3->4 Recent studies by Weix5 and
Weiss? have demonstrated the use of transient absorption
spectroscopy to investigate reaction dynamics/mechanism
in CdSe nanocrystal 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 recombina-
tion needs to be slow so that subsequent steps of the reac-
tion can occur prior to deactivation of the catalyst. The life-
time of the photoexcited catalyst can also dictate the specific
reaction mechanism (vida infra).

We employ transient absorption (TA) spectroscopy to inves-
tigate the charge transfer and reaction dynamics of a model
CsPbBr; NC photocatalytic system. We study the reaction
between 2-bromoacetophenone and octanal with dicyclo-
hexylamine as a co-catalyst and 2,6-lutidine as a base (Figure
1c). We find an ultrafast electron transfer process that occurs
from CsPbBr; NCs to a-bromoacetophenone and a hole
transfer to an in-situ formed enamine (formed via dicyclo-
hexylamine and octanal) or cocatalyst. In each case the
ET(electron transfer) or HT (hole transfer) is followed by a ~
0.8/0.5 ps charge separation time. The ps charge separation
time is needed for the formation of C-C bonds and is thus
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the limiting factor. The efficient ET and HT from perovskite
NCs confirms their great potential in organic photocatalysis.

Colloidal CsPbBr; NCs are synthesized using an amine-free
method" (see SI). Note that we employ amine-free NCs, de-
signed here, to avoid any possible charge transfer (CT) to the
ligand-capping amine, so that we only focus on the CT dy-
namics for the desired organic reaction. The average size of
the NCs are ~10 nm, as measured by TEM (Figure 1a and Fig-
ure 1a inset), and they crystallize in the orthorhombic phase
similar to previous reports.?® The as-synthesized NCs are
characterized by UV-vis absorption and photoluminescence
(PL) spectra (Figure 1b). The onset of absorption corre-
sponds to a bandgap of ~2.4 eV. The as-prepared perovskite
NCs are directly employed in the photocatalytic a-alkylation
reaction (Figure 1c).

To verify that the NCs serve as a photocatalyst, 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 domi-
nated by the NCs for photon energies ranging from 2.4 eV to
3.2 eV as indicated by the invariance of the absorption spec-
tra (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 SI). In
all TA experiments discussed below, the excitation power
density was controlled so that only ~0.06 excitons per NC
(See SI) are produced. Therefore, the TA signals are domi-
nated by NCs that have only absorbed one photon.>7-28
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Figure 1 (a) TEM image of the as-synthesized CsPbBr; nano-
crystals. The size of the NCs is close to 10 nm. The inset of
(a) shows an enlarged picture of the synthesized nanocrys-
tal. (b) Linear absorption and PL spectrum of CsPbBr; NCs.
The absorption onset and the center of the PL peak is near
2.4 eV. (c) Reaction scheme of the a-alkylation catalyzed by
CsPbBr; NCs.

Figure 2b show 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 in-
dicates the probe wavelength. The color indicates the inten-
sity of the photo-induced absorption (PIA) or photo-in-
duced ground state bleach (GSB). The GSB dynamics can be
followed to monitor the reaction progress.293° In the pseu-
docolor image, the bright red color corresponds to the

photo-induced GSB of the NCs. Figure 2c shows the normal-
ized TA kinetics probed at the center of the NC GSB. Sam-
ples A, B, C and D where NCs with individual reactants and
co-catalyst 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 multiex-
ponential.?7 3!

Compared with the 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 ps
timeframe. Such behavior is characteristic of an ultrafast
charge transfer followed by a long-live charge separated
state.3? 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 sep-
arated state. (See Figure S1 for TRPL which supports the ac-
celerated recombination) However, when dicyclohexyla-
mine (3) is also present, in addition to octanal, sample D, a
similar charge transfer behavior is observed as that found in
B, with a faster decay in the ~70 ps timeframe followed by a
much slower decay (s timeframe), indicating a rapid charge
transfer to a charge separated state. The addition of co-cat-
alyst (3) induces a charge transfer process from NCs to reac-
tants. To further study this effect, we compare the normal-
ized transient kinetics for A, with that of the NCs in the pres-
ence of just the co-catalyst, E and the result is shown in Fig-
ure 2d. The transient kinetics for E shows an initial faster
decay of around ~ 70 ps followed by a much slower decay in
the ps timeframe, indicating a charge transfer between NCs
and the co-catalyst.
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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 +
dicyclohexylamine (3). The absorption spectrum is
dominated by absorption of the CsPbBr; 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 NC exciton ground state
bleach while blue is a photoinduced absorption. (c)
Normalized TA kinetics probed at the center of the NC
exciton bleach spectrum for A-D. Red-dashed traces is the
fit 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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The type of CT (electron or hole) can be studied with cyclo-
voltammetry (CV). The valence band and conduction band
position of the NCs, taken from literature,3 are 1.1V and -1.3
V vs SCE (Figure 3), similar to Ru based catalyst (Ru(bpy)3)
used in similar systems.’> 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), 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 to the
enamine.3 Since Ru(bpy)3 have similar band positions as the
perovskite nanocrystals,'> we suspect, in the actual reaction
mixture, photoexcited holes can transfer from the NCs to ei-
ther the amine co-catalyst or the in-situ formed enamine.
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Figure 3. Electrochemical potential and energy level for NCs
and reactants

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 equation I (See SI):

t t t
INO]=-A;-e i—Ay-e 2—Az-e (D)

where N(t) is the exciton population at a pump-probe delay
of t, 7, T, and z; are the three processes that describe charge
recombination of the NCs34. For isolated NCs, the best-fit
time constants are 260 * 15 ps, 5.9 + 0.3 ns and 210 * 19 ns
which corresponds to surface trapping (260 ps) and radiative
recombination (5.9 and 210 ns, possibly due to electrons and
holes) respectively (See SI, Table S1).35 When charge transfer
occurs, we introduce a term to describe the fraction of nano-
crystals (f3) that undergo charge transfer and subsequent
charge separation. Due to the heterogeneity nature of the re-
action, some NCs might not have electron/hole acceptors
nearby and therefore this fraction (f;) remains unchanged.
(See SI and Figure Ss) Thus, equation I can be rewritten as
following:

t t t
INO]=f <_A1 e i—Ayre 2 —Ay- e_ﬂ>

t t
+f (—31 ‘e Ta—B, -e‘ﬁ> (1)

Here 7, is charge transfer time and 75 is charge separated
state lifetime. The fitting results are showed in Figure 2c and
the best-fit parameters are listed in Table 1. In colloidal sys-
tems, characteristic charge transfer times from nanocrystals
to molecules can span from a few ps to a few ns.?7.36-37 There-
fore, we assign the 50 + 3 (ET) and 72 + 7 ps (HT) time con-
stant to an ultrafast charge transfer from CsPbBr; 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 nanocrystal to molecules in
solution. Since if the molecule is directly anchored on the
nanocrystal surface, the charge transfer can be as fast as a
few ps.’ 27 The 0.79 + 0.03 and 0.53 + 0.03 ps time constant
represents the lifetime of the charge separated state in elec-
tron and hole accepter as the result of the initial ET and HT,
respectively.

Table 1 The best fit parameters for NCs with a-bromoaceto-
phenone and octanal + dicyclohexylamine

Reactants 74 (ps) 75 (us) fa

2-bromoacetophe-

0,
none 50 +3 0.79+0.03 67+2%

octanal + dicyclo-

0,
hexylamine 72%7 0.53+0.03 34*2%

NCs only in the presence of octanal (Figure 2c, C (blue
curve)) did not exhibit a longer separated lifetime but
slightly shorter lifetime in ps region when compared with D
(green curve). Thus, octanal does not accept holes in the ab-
sence of the co-catalyst, but rather, likely promotes surface
ligand desorption increasing the non-radiative surface de-
fect mediated carrier recombination. As mentioned above,
the HT process can occur either between the NCs and the
co-catalyst (cyan curve in Figure 2d) or the in-situ formed
enamine. We find here that both are able to accept holes.
However, it’s likely that a hole transfer to the co-catalyst will
not produce the desired intermediate (ie., oxidized
enamine) and thus, is not a desirable pathway. Therefore,
the in-situ formed enamine should be in large abundance
during the reaction.

1 + H*

CgHi20

Product

Figure 4 Proposed reaction mechanism for o-alkylation cat-
alyzed by CsPbBr; NCs. Photogenerated electrons transfer
from CsPbBr; to a-bromoacetophenone and release bromine
anions to form the radical 1.. Photogenerated holes transfer
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to in-situ formed enamine to form radical cation 4p. 4 then
reacts with 1, through radical-radical coupling to form a C-
C bond intermediate 4.. The radical 1, can also react with
neutral 4 to form structure similar to 4. and then that can
accept a hole to form 4.. (depicted as the dashed arrow) Hy-
drolysis of 4. leads to the product and regeneration of co-
catalyst. Radical trapping experiments further confirm the
formation of a radical from 2-bromoacetophenone and radi-
cal cations from enamine. (Figure S6-7)

Based on our TA results and intermediate lifetime, we inves-
tigated the possible mechanisms of this NC based photo-
catalytic system. Several mechanisms are proposed in litera-
ture for Ru based molecular photocatalytic systems. Macmil-
lan® 838 proposed a radical mechanism where the alkyl rad-
ical 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 com-
plete 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 co-catalyst.
Recently, Yoon and Melchiorre4° proposed a chain reaction
mechanism 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
the alkyl radical to propagate the chain. This process can re-
peat for multiple cycles until the initiator is quenched. The
key differentiation in these proposed mechanism is the
quantum yield of the reaction.4° Radical and biradical mech-
anisms often generate relatively low quantum yields (de-
fined here as the per photon-to-product yield < 10%) as one
input photon can only generate at most one C-C bond. On
the other hand, chain mechanisms can often produce much
higher quantum yields (often over 100%) as the chain can
propagate many times and one photon can generate multi-
ple C-C bonds and has been noted to be as high as 1800% for
alkylation reactions 4 (meaning that one-photon yields 180
C-C bonds). Employing the methodology developed in a
similar heterogeneous NC photocatalytic system,s we found
that the quantum yield in our system is close to 0.2 %. (See
SI). 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 SI, Figure S8-13) In our
estimate, if the substrates 2-bromoacetaphenone (1) and
enamine (4) are both close to a single nanocrystal photocata-
lyst such that they both interact with the photoexcited NCs
to produce the two radicals, the average diffusion length be-
tween them will be close to 24 nm (See SI). The diffusion
constant (D) for molecules with similar structure in toluene
is close to 1075¢cm?s~1.42 Since radical-radical coupling is
very efficient, the estimated time for the two intermediates

2
to meet and form a C-C bond is 7 = %~0.6 us using a 1 di-

mensional diffusion model. Then, the quantum yield can be
calculated as percentage of charge transfer times the per-
centage of remaining intermediates at 0.6 us delay. The
analysis gives 1%, 30% and 1235% for biradical, 1 cycle radical
propagation and 40 cycles chain propagation respectively.
(See SI).

Taking another scenario, substrate (1) is close to one nano-
crystal while 4 is free or near another nanocrystal in solution,
such that the photo redox species reside near separate NCs,
gives an average diffusion length of 38.2 nm and correspond-
ing reaction time of 1.4 ps. The calculated quantum yields are
then 0%, 1.9% and 448% for biradical, 1 cycle radical propa-
gation and 4o cycles of the chain mechanism. (See SI) There-
fore, with the low quantum yield experimentally observed,
we believe that the reaction in our perovskite NCs likely pro-
ceeds via the biradical or radical mechanism rather than a
chain propagation. Note that chain mechanism is just the
radical mechanism that is allowed to propagate. Another ar-
gument in support of the proposed biradical mechanism is
that we observe a very efficient ultrafast hole transfer to the
enamine. However, solely based on our lifetime data, we can
not 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);>* based
systems, the excited state lifetime can be very long (10 ps),*
allowing the chain to propagate. However, in the NC system,
the excited state lifetime is shorter and only the radical
mechanisms can occur prior to deactivation of the catalyst.

We then propose the following reaction pathway (Figure 4).
After photoexcitation, electron transfers (ET) to 2-bromo-
acetophenone within 50 ps, reducing it to its radical anion
which immediately dissociates into its radical (1a) and a bro-
mine anion. Meanwhile, there is a ~70 ps photoexcited hole
transfer from the NCs to the in-situ formed enamine (which
is formed by the co-catalyst dicyclohexylamine and the reac-
tant octanal with the loss of water) or the hole can also trans-
fer to the co-catalyst dicyclohexylamine. The hole transfer to
the enamine will result in the formation of the radical cation
intermediate 4p. The radical cation 4 can react with the rad-
ical 1, to form the intermediate 4. (this is the radical mecha-
nism discussed above). Potentially, 1a can also react with 4
to form a structure that is similar to 4¢ 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 co-catalyst (dicyclohex-
ylamine). The base, 2,6-lutidine neutralizes HBr.

In conclusion, we have observed ultrafast electron transfer
(~50 ps) from CsPbBr; NCs to 2-bromoacetophenone and
hole transfer (~70 ps) to an in-situ formed enamine or cocat-
alyst. As a result of this charge transfer, a charge separated
state with ~0.8 ps lifetime is formed. This near ps charge sep-
arated state allows the photogenerated charged radical in-
termediates to form C-C bond in a biradical pathway but
does not allow the chain to propagate. The primary
difference between the NC photoredox catalyst studied here
and the molecular catalyst is the lifetime of the charge
separated state.
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