SCIENTIFIC REPLIRTS

Tunable electron transfer rate in
a CdSe/ZnS-based complex with
_different anthraquinone chloride
ey’ substitutes

Published online: 23 May 2019 . . 9 s . .
ublished ontine W Huifang Zhao?!, Chaofan Sun®?, HangYin?, Yuanzuo Li?, Jianbo Gao?, Ying Shi &

Mengtao Sun(®*

. We use femtosecond transient absorption spectroscopy to study ultrafast electron transfer (ET)

. dynamics in a model donor and acceptor system using CdSe/ZnS core/shell structure quantum dots
(QDs) as donors and anthraquinone (AQ) molecules as acceptors. The ET rate can be enhanced by

. decreasing the number of chlorine substituents in the AQ molecules because that increases the driving

. force, which is the energy level offset between the conduction band energy of CdSe/ZnS and the lowest

. upper molecular orbital potential of AQ derivatives, as confirmed by cyclic voltammetry measurements.
However, the electronic coupling between the QDs and AQ derivatives, and the sum of reorganization

. energy of AQ molecules and solvent calculated by density functional theory are not the main reasons

. forthe change in ET rate in three systems. Our findings provide new insights into selecting an acceptor

: molecule and will be useful in tuning ET processes for advanced QD-based applications.

The electron transfer (ET) process is one of the most fundamental mechanisms in quantum dots (QDs), which are
used for a wide range of nanotechnology applications such as bioimaging!'™, lasing®7, light-emitting diodes®1,
: molecular device operation''"!?, and solar cells'*"'”. The ET process from photoexcited QDs to external accep-
. tors through an interface'®' is one of the primary mechanisms associated with the functionality and efficiency
. of QD devices. Therefore, it is important to understand the ET process, to evaluate its dependence on key
factors, and promote it in a QD-based system to further advance QD-based applications. For instance, Lian’s
group tuned the shell thickness in the CdSe/ZnS core/shell structure to slow down the ET rate by changing the
radial distribution of the electron and hole wavefunctions'?. Wise’s group has adjusted various solvents in PbS-
10-dodecylanthracence-9-thiol (DAT) system to dramatically increase the ET rate by tuning the solvent dielectric
. constant®. Different QDs tuned by wavefunction engineering can be used to control exciton dynamics and ET
. properties?*2. By changing molecular acceptors, Alivisatos et al. successfully tuned the hole transfer rate?*. For
. the ET process, most groups have focused on changing the QDs and solvents. However, the role of substituents in
© acceptor molecules is unknown.
In this report, we studied anthraquinone (AQ) molecules with chlorine substituents. Three AQ deriv-
atives with chlorine substituents at positions 1,4,5,8 and 1,8, and 1, namely 1,4,5,8-tetrachloroanthraquinone
. (1,4,5,8-TTAQ), 1,8-dichloroanthraquinone (1,8-DCAQ), and 1-chloroanthraquinone (1-CAQ) respectively,
: were introduced as electron acceptors, and CdSe/ZnS core/shell QDs were introduced as electron donors.
Ultrafast transient absorption (TA) spectroscopy, a robust tool for tracking real-time charge transfer dynamics in
: QD-molecular systems, was used to examine the ET process in these QD-molecular complexes. We found that
the ET rates in the QD-1,4,5,8-TTAQ, QD-1,8-DCAQ, and QD-1-CAQ complexes exhibit a clear increase as
. the number of chloride substituents decreased. The framework of Marcus theory and density functional theory
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Figure 1. (a) Steady-state absorption and (b) photoluminescence (PL) spectra of the QDs and different QD-AQ
complexes in CHX.

(DFT) calculations indicated that the electronic coupling between the QDs and AQ derivatives, and the sum of
the reorganization energy of the AQ molecules and solvent are not the main reasons for the change in the ET rate
in the three systems. The increasing ET rate is due to the enhanced driving force resulting from the energy mis-
match between the QDs and acceptor molecules, as confirmed by cyclic voltammetry (CV) measurements. Such
important findings can potentially be applied for further design of QD-based materials.

Results and Discussion

The steady-state absorption and photoluminescence (PL) spectra of QDs and different QD-AQ complexes in
cyclohexane (CHX) are shown in Fig. 1. (QD characterization can be found in Supplementary Information
Fig. S1). The spectra, as demonstrated in Fig. 1(a), present a broad absorption from only the QD solution (green),
which is consistent with a previous study’?. The same broad absorption is essentially unchanged for all QD-AQ
complexes. As shown in Fig. 1 insert, the integrated areas of the first exciton absorption band corresponding to
the absorbance at approximately 533 nm are the same for all three systems, which indicates the samples have the
same QD concentration'?. The absorption of the AQ derivatives is shown in Fig. S2, and the results indicate that a
400 nm wavelength laser can only excite the QDs, not the AQ derivative molecules. The fluorescence peaks of the
QDs and QD-AQ complexes are all centred at 538 nm as shown in Fig. 1(b). However, while the fluorescence peak
position remains constant, the fluorescence intensities are dramatically quenched by different degrees. In par-
ticular, the degree of quenching for QD-1,4,5,8-TTAQ, QD-1,8-DCAQ, and QD-1-CAQ reached up to 24.07%,
74.95% and 90.88% respectively, relative to the fluorescence intensity of the pure QDs. Therefore, the PL quench-
ing indicates that the ET from the QDs to the AQ derivatives, and the ET process in the QD-1-CAQ complex
would be the strongest?**42>.

To gain a deeper understanding of the photoexcited ET dynamics in QD-AQ complexes, we used femtosec-
ond TA spectra to study the ultrafast charge dynamics. A femtosecond ultraviolet pump/white-light continuum
probe scheme is employed, and the details of the pump-probe experiments are given in the experimental setup.
Figure 2(a-c) show the 2 dimensional (2D) image plot of transient absorption for QD-AQ complexes from 0
to 2ns in the wavelength region of 450-650 nm. The 2D image plot as a function of wavelength and time delay
shows a global overview of the excited dynamics after photoexcitation. There are two peaks centred at 533 nm
and 505 nm in the three TA spectra, which have been attributed to the bleaches of the first exciton (1S,) and 1P,
exciton, respectively'>*. More remarkably, a clear decrease in the 1S, bleach signal intensity in QD-1,4,5,8-TTAQ,
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Figure 2. 2D image plots of the TA spectra for QD-1,4,5,8-TTAQ (a), QD-1,8-DCAQ (b), and QD-1-CAQ (c)
in CHX under 400 nm wavelength pump laser excitation. The TA kinetics of QD-1,4,5,8-TTAQ (d), QD-1,8-
DCAQ (e), and QD-1-CAQ (f) with a 533 nm wavelength probe laser.

QD-1,8-DCAQ, and QD-1-CAQ can be observed. This result is in good agreement with the fluorescence quench-
ing result, as indicated by the steady-state PL spectra in Fig. 1(b).

The TA spectra of QD-AQ complexes at different delay times are depicted in Fig. S3 of the Supplementary
Information. The 1S, bleach signal amplitude showed an obvious decrease as the delay time increased from 5 ps
to 2 ns. In addition to the amplitude changes, the peak of the 1S, bleach band redshifted to different degrees
with increasing delay times between 5 ps to 2 ns. The redshift of QD-1-CAQ is more obvious than that of
QD-1,8-DCAQ and QD-1,4,5,8-TTAQ. This redshift might be due to a reduction in the population of excited
QDs and an increase in the population of the charge transfer states which are both induced by the ET from
excited QDs to AQ derivatives'?. We found that the lifetime of 1S electrons in QDs gradually decreased from
QD-1,4,5,8-TTAQ, QD 1,8-DCAQ to QD 1-CAQ, which is consistent with the decrease in the 1S, bleach signal
intensity and steady-state PL intensity.

The lifetime of the dynamics processes of QD-AQ complexes can be extracted by a typical dynamics fitting,
as shown in Fig. 2(d-f), and the insets are the fitting parameters. Since the 450-700 nm wavelength white-light
continuum probe yields essentially the same TA kinetics for each sample, we show here a set of representative
data taken at the peak wavelength of 533 nm?. The kinetic curves for the three QD-AQ complexes are well fitted
by three exponentials with lifetimes of T, in the hundreds-of-femtoseconds range, T, in the tens-of-picoseconds
range and T; in the hundreds-of-picoseconds range. The fast component T, can be attributed to the cooling
time of electrons from 1P, to 1S,'>?8, 1, can be attributed to the lifetime of the ET process'?, and the slow
component T; can be attributed to the lifetime of Auger recombination (AR)*-*!. The fitting results of the
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1,4,5,8-TTAQ 199.604 0.428
1,8-DCAQ 170.978 0.408
1-CAQ 161.890 0.400

Table 1. Volumes of 1,4,5,8-TTAQ, 1,8-DCAQ, and 1-CAQ.

QD-1,4,5,8-TTAQ 0.350 0.0438 0.3938
QD-1,8-DCAQ 0.356 0.0461 0.4021
QD-1-CAQ 0.359 0.0468 0.4058

Table 2. RE of QD-1,4,5,8-TTAQ, QD-1,8-DCAQ, and QD-1-CAQ and the solvent CHX in the three AQ
derivatives systems.

dynamics demonstrate that the ET process becomes slower with the addition of chlorine substituents, i.e., 1-CAQ
>1,8-DCAQ >1,4,5,8-TTAQ. To address the transfer dynamics, we use the frame work of Marcus ET theory to
understand the above trend.

In a QD-molecular donor-accepter system, we can assume that a hole remains unchanged when an electron is
transferred to the accepter reported'>** The process can be described by Marcus ET theory**~**, and the ET rate
is given by

1 A+ AGY
@ T2 F VR
B B (1)

ar?

'T@J

kpr =

where Hp, is the electronic coupling between the initial and final state of the donor-acceptor system, X is the
reorganization energy (RE), AG® is the driving force, kj is the Boltzmann constant and T is the temperature.
Three factors Hp, RE, and AG® will be introduced for every QD-AQ complex to discuss the influence of them
on ET rate.

The RE consists of two parts and can be expressed in detail as A =X\;+ Xy, where X, is the RE of the acceptor
molecular and X is the RE of the solvent because the contribution from the QDs is negligible®®. The acceptor
molecular RE can be expressed by the following equation®”3*;

N\ = (E; — E) + (E° — E) 2)

where E is the energy of the anion calculated using the optimized structure of the neutral molecule; E_ is the
energy of the anion calculated using the optimized anion structure; E” is the energy of the neutral molecule cal-
culated in the anionic state; E ) is the energy of the neutral molecule in the ground state. The anionic and neutral
molecular energies of 1,4,5,8-TTAQ, 1,8-DCAQ and 1-CAQ were calculated at the B3LYP/6-311 G level and the
reorganization energies of the electrons were obtained by using the above equation. For the solvent RE ()\,) can be
estimated using the dielectric continuum model by the following equation®*:

N ez[i_il 11
8S

(o + 4 = —)
dy dy (3)

0=
4meg | Egp

where ¢, is the dielectric constant under vacuum; €,, and € are the optical and static dielectric constants of the
solvent, respectively; dp, and d, are the diameters of the spherical donor and acceptor cavities, respectively; and
Ip, is the centre-to-centre distance between the donor and acceptor. The radius of the AQ derivatives is shown
in Table 1. We calculated the RE of the three QD-AQ (X\;) complexes and the solvent (X,) as tabulated in Table 2.
The sum RE (\) of the acceptor molecular ();) and the solvent ()\,) in QD-1,4,5,8-TTAQ, QD-1,8-DCAQ, and
QD-1-CAQ, indicates that there are very small differences in the sum RE (\) of the three QD-AQ derivative
systems. Thus, we can conclude that the RE of the solvent and acceptor molecule is not the main reason for the
change in the ET time caused by the addition of chlorine.

The AG® depends on the highest occupied molecular orbital (HOMO) and lowest upper molecular orbital
(LUMO) levels of the donor and acceptor components®**. In our research systems, the ET AG® is related to the
difference between the energies of the QD conduction band and the acceptor molecule LUMO?, resulting from
the energy alignment between the QD conduction band edge and the LUMO of the AQ molecules. However,
AQ derivatives act as good electron accepters to hold the electrons, so the LUMO of the AQ derivatives should
be lower than that of the QDs?. The energy level alignment will result in an ET rate change. To confirm this, we
carried out cyclic voltammetry (CV)*°-*> measurements on the CdSe/ZnS QDs and AQ derivatives, as shown
in Fig. 3. The conduction band value (—3.394eV) of QDs and the LUMO values of 1,4,5,8-TTAQ (—3.581¢eV),
1,8-DCAQ (—3.562¢eV) and 1-CAQ (—3.510eV) are shown in Fig. 3. The values measured in the experiments are
in good agreement with the LUMO of the AQ derivatives theoretically calculated and shown in Table 3. The TA
and PL results were combined to produce an energy level schematic diagram for the ET process and to illustrate
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Figure 3. The cyclic voltammetry curves of 1,4,5,8-TTAQ (a), 1,8-DCAQ (b), 1-CAQ (c), and CdSe/ZnS QDs
(d). The values of the LUMO and conduction band (CB) are listed in the caption.

1,4,5,8-TTAQ —3.243
1,8-DCAQ —3.186
1-CAQ —3.152

Table 3. The band energy LUMO potentials of different AQ derivative acceptor molecules.

the dependence of the energy shift (driving force) on the ET rate, as shown in Fig. 4, which provides further evi-
dence for the above mechanism.

The energy band diagram of the ET process from the CdSe/ZnS QDs to the AQ derivatives is shown in the
Fig. 4 inset. The conduction band energy of the CdSe/ZnS QDs is much higher than the LUMO potential of the
three AQ derivatives, which ensures the ET process and the LUMO potential of the AQ derivatives increases as
the number of chlorine substituents decreases. The energy level offset represents the AG? for the ET from the
CdSe/ZnS QD donor to the AQ derivative acceptors, i.e., the AG® for QD-1,4,5,8-TTAQ, QD-1,8-DCAQ, and
QD-1-CAQ systems is —0.187 eV, —0.168 eV, and —0.116 eV respectively. Based on these values, we drew Fig. 4
which reflects the dependence of the ET rate and driving force AGP. Figure 4 plots AG® on the horizontal axis
and the ET rate on the vertical axis. The ET rate is calculated by the expression kg = 1/7, where T is the ET life-
time?*%3, The ET lifetime 7 in the three systems can be obtained from a kinetic fit of the 1S, bleaching signals and
is shown in Fig. 2(d-f). From Fig. 4, we can clearly see that the ET rate increases as the driving force between the
CdSe/ZnS QDs and AQ derivative acceptors increase. Specifically, the ET rate is also enhanced by a factor of 5
from 0.0241 to 0.1023 as the acceptor molecule changes from 1,4,5,8-TTAQ to 1-CAQ. That said, we modulate the
LUMO potential of the acceptor molecule by changing the number of chlorine substituents, which is consistent
with the fact that halogen atoms are frequently added to organic molecules to tune the LUMO potential because
of their electronegativity**. Therefore, the driving force is the main reason for the change in the ET time caused by
the addition of chlorine in our study, and acceptor molecules with good energy level matching should be selected
to obtain an ET process with a much faster rate.

The last variable in Marcus Theory, electronic coupling Hp,, is related to the distance between the donor
and acceptor ((Hp,)?xexp(—Prp,))*>* and the QD-molecule orbital shape?’. For our three complexes, the
Hp, values are similar because the distances between the QDs and AQ derivatives are almost the same because
the radii of the AQ derivatives are nearly identical, as shown in Table 1. In addition, there is no change in the
shape of the LUMO patterns of 1,4,5,8-TTAQ, 1,8-DCAQ, and 1-CAQ as indicated in Fig. S4. The consistent
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Figure 4. Dependence of the driving force on the decay rate. The inset is the schematic band diagram of CdSe/
ZnS QDs and the LUMO potentials of different AQ derivative acceptor molecules.

QDs-1,4,5,8-TTAQ 41.50 0.3938 | —0.187 0.00162
QDs-1,8-DCAQ 30.79 0.4021 | —0.168 0.00215
QDs-1-CAQ 9.78 0.4058 | —0.116 0.00528

Table 4. Calculation of electronic coupling Hp, for the three QD-AQ donor-accepter systems.

Hp, values are also similarly induced by the orbital shape of the three complexes. Combining the above stud-
ies on the distance between the QDs and AQ derivatives and the LUMO shapes of the AQ derivatives, we can
conclude that there are few differences in the Hp, values of the three QD-AQ derivative systems and that the
Hp, is not the main reason for the change in the ET time caused by the addition of chlorine in our study. In
addition, it is directly difficult to calculate electronic coupling, i.e., Hp,. We apply Eq. (1) and the known ET
rate, RE, driving force to inversely infer the electron coupling in the three systems and the results are as shown
in Table 4. The results indicate that Hp, is very small compared with the RE and driving force and that there is
little difference in the Hp, values for the three systems. Our research can be used to develop a method to solve
the difficulty of Hp, calculations.

Conclusion

In summary, we studied the photoinduced ET process in complexes based on CdSe/ZnS QDs and vari-
ous AQ derivatives acting as electron acceptor molecules by femtosecond TA spectroscopy. The ET rate in
QD-1,4,5,8-TTAQ, QD-1,8-DCAQ and QD-1-CAQ complexes can be enhanced by reducing the number of
chlorine substituents. Consistent with Marcus ET theory, this enhancement is due to the increasing driving force,
which is the energy level offset between the conduction band energy of the CdSe/ZnS QDs and the LUMO poten-
tial of the AQ derivatives, as confirmed by CV measurements. On the other hand, the electronic coupling between
the QDs and AQ derivatives, and the total reorganization energy of the AQ derivatives and the solvent are not the
main reasons for the change in the ET rate in the three systems. Our results provide a reference method to tune
the ET process by selecting acceptors to design more efficient QD-based photovoltaic devices.

Methods

CdSe/ZnS quantum dots were purchased from Suzhou Xinshuo Nanotech Co. (China). The acceptor molecules
1,4,5,8-TTAQ, 1,8-DCAQ, 1-CAQ, and CHX were purchased from Sigma (America), and J&K (China) and
were used without further purification. The QD-AQ complexes were prepared by the addition of 1,4,5,8-TTAQ,
1,8-DCAQ, and 1-CAQ into CdSe/ZnS solutions in CHX based on methods detailed in a previous study'.
Because AQ is insoluble in CHX, the solution was sonicated and filtered to ensure that all of the dissolved AQ was
bound to the CdSe/ZnS QD surface. The concentration of QDs can be determined from the absorbance measured
via steady-state absorption spectroscopy. The ratio of adsorbed 1,4,5,8-TTAQ, 1,8-DCAQ, and 1-CAQ to CdSe/
ZnS can be considered to be approximately 3.5'2, because the two research systems are very similar.
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The steady-state absorption and fluorescence spectra of the QDs and QD-AQ complexes were measured using
a 2550 UV-VIS spectrophotometer and RF5301 fluorescence spectrophotometer (Shimadzu), respectively. The
femtosecond TA spectra and kinetics were recorded on a commercial system from Coherent (USA) and Ultrafast
Systems (USA). The details of the ultraviolet and visible (UV-Vis) femtosecond transient absorption setup have
been described elsewhere*®-, The femtosecond laser (Coherent Libra, USA) acts as a fundamental laser with a
wavelength of 800 nm, a power of approximately 4 W at a 1 kHz repetition rate and the full width at half maximum
of 50fs is separated into two beams to generate pump and probe pulses at a 9:1 ratio. The excitation pump pulse
is obtained to generate the second harmonic (\., =400nm) of the fundamental laser via a 0.5 mm BBO crystal
(B-BaB,0,, Fujian Castech Crystals Inc. China). The remaining beam is used to generate the white-light con-
tinuum via a sapphire plate (HELIOS, Ultrafast Systems, USA). The two beams are combined in a spectrometer
(HELIOS) equipped with a computer-controlled delay line (up to 2ns). Transient absorption kinetic traces were
fitted using software from Ultrafast Systems (Surface Xplorer 2.2). The transient absorption experiments were
conducted at room temperature.

All CV measurements were carried out on conductive glass sheets at a scan rate of 50mV/s by a CHI 7100 elec-
trochemical workstation. These sheets were covered with a uniform dispersion film of 1,4,5,8-TTAQ, 1,8-DCAQ
and 1-CAQ and CdSe/ZnS QDs. The counter electrode was a platinum wire; the reference electrode was Ag/
AgCl; the working electrode was glassy carbon in 0.5 mol/L Na,SO, for 1,4,5,8-TTAQ, 1,8-DCAQ and 1-CAQ
and Tetrabutylammonium perchlorate (TBAP) for the CdSe/ZnS QDs as the supporting electrolyte. The details
have been described elsewhere**41-°1-53,

The reorganization, and volumes of 1,4,5,8-TTAQ, 1,8-DCAQ, and 1-CAQ were fully optimized using density
functional theory (DFT)>*-*%. The B3-LYP (Becke’s three-parameter hybrid exchange function with Lee-Yang-
Parr gradient-corrected correlation) function was used as the method and a 6-311 G basis was selected as the
basis set>=>°. In this study, all the electronic structure calculations were achieved using the Gaussian 09 program
suite.
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