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Abstract

Cobalt porphyrin (CoP) derivatives are potential compounds for photocatalytic
CO, reduction which must be activated by photoinduced electron transfer from a suit-
able electron donor. Herein, we have prepared and studied the photophysics of CdTe
quantum dots (CQD) coupled with CoP derivative where CQDs act as the light an-
tenna and the electron donor and CoP act as the electron acceptor. To facilitate the
nanocomposite formation of CoP with CQD, CoP has been equipped with a —COOH
anchoring group which leads to strong complexation between CQD and CoP as ob-
served in the absorption spectra by a gradual shift in the Soret absorption band. This
is attributed to the lateral binding geometry of CoP through the —COOH anchoring
group and Co-center coordination to CQD, which helps to bring CoP close to the CQD.
Our DFT calculations have identified that this lateral geometry is more favorable than
the upright orientation on the CdTe (110) surface. The redox levels have been deter-

mined from cyclic voltammetry which show that the electron transfer (ET) from CQD
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to CoP is feasible. The strong luminescence quenching of CQD in the presence of CoP
has also suggested quantitative CQD/CoP nanocomposite formation and pointed to
the ET from QDs to CoP. The charge carrier dynamics have been monitored using
femtosecond transient absorption (TA) spectroscopy. The TA spectral analysis have
shown efficient ET in CQD/CoP which proves that our 4 nm CQD acts as an efficient
electron donor for the CoP counterpart. The CQD excited state lifetime is shortened
along with delayed Soret band bleaching of CoP in this nanocomposite. From the
global fitting of TA data, the estimated average ET time constant from CQD to a
CoP molecule is approx. 70 ps and the charge recombination time is >>5 ns. Also,
differences in the TA spectra after ET have been observed which can be associated
with the changes in the binding geometry of CoP on CQD surface, that is lateral in
case of ground state complex to the upright orientation after the ET process. Hence,
the studied CQD/CoP nanocomposites are promising materials to initiate CO, reduc-
tion through photoexcitation of the CQD that activates the CoP molecular catalyst

through the ET.

Introduction

The rapid increase in atmospheric CO, ! has driven research towards CO, capture and storage
technologies.? Converting the stored CO, into fuels and other value-added compounds is an
important but challenging task as CO, is thermodynamically very stable and the conversion
process requires additional energy. The general approach to CO, reduction is to use a suitable
catalyst which is activated by an electron transfer (ET) from a source with sufficiently
high potential energy.®* The first-row transition metals, such as Fe and Co, are used as
molecular catalysts in both electro- and photocatalytic applications where they are part of the
organic frameworks such as porphyrins.®” In particular, metal porphyrin (MP) derivatives
4,5,7,8

have shown promising results in electrocatalytic and photocatalytic CO, reduction.

Photocatalytic CO, conversion is an advanced approach, whereby the reaction is driven by



solar energy. Photocatalytic applications make use of photo-induced electron transfer (PET)
to deliver electrons to a catalytic center. Therefore, the catalyst, e.g. MP, must be coupled
with a suitable electron donor which absorbs a photon and the electron transfer (ET) takes
place from its excited state to the catalyst.

Coupling MP with semiconductor quantum dots (QDs) is a promising approach to initiate
the CO, reduction through the PET from QD to MP.”%1% Due to extraordinary photophys-
ical properties of QDs, such as easily tunable band gap, high extinction coefficient in the
visible range, multiple excitons generation, and easy surface modification,'* 17 the QDs are
ideal candidates for solar energy devices. The QDs serve both as a light antennas and an
electron donors while the MP operates as a molecular catalyst activated through the PET
between the former and the latter as outlined in Figure 1. If the lowest unoccupied molec-
ular orbital (LUMO) of MP attached to QD is lower in energy than the lowest edge of the
QD conduction band (CB), the electron can be transferred from the QD to MP in a PET
reaction. ® 2% The advantage of MP-QD nanocomposite materials is the long lifetime of a
charge-separated state, which is essential for photocatalytic and solar cell applications. 71921
In particular, the QD-MP nanocomposite system can efficiently and selectively reduce CO, to
CO.™ Recently, Arcudi et al. reported 98 % efficiency of CO,, reduction with 99 % selectivity
for CO production using CulnS; QDs - Co-porphyrin nanocomposites.’

Ultrafast transient absorption (TA) spectroscopy is a classic technique to probe the charge
transfer and recombination dynamics in solar energy devices. The TA response of QDs allows
to monitor the photo-induced carrier cooling, state filling, and carrier recombination.?? 24
When a QD absorbs a photon with energy larger than its band gap, a hot exciton is gen-
erated and it relaxes quickly to its band edge releasing excess energy in a process called
carrier cooling.?” After this cooling, the carrier fills the lowest available band edge (BE)
level depending on the band degeneracy. In II-VI QDs, the CB and the valence band (VB)
are 2 and 4-fold degenerated, respectively. ¥2326 In TA spectroscopy, the filling of the CB by

electrons is observed as bleaching in the wavelength range corresponding to the BE.23:26:27



The ultrafast charge transfer dynamics of II-VI QDs and molecular adsorbates have been
studied extensively. 1828730 The ET process is typically investigated by monitoring the change
of the QD lifetime and anion formation of a molecular adsorbate.???® In general, the ET
time from II-VI QDs to a molecular adsorbate is found to be from sub-picoseconds to some

hundreds of picoseconds depending on the types of QDs and molecular adsorbate. 282

Metal-Porphyrin
(Co-catalyst)
&DS (like CdS, CdTe, CIS etc..) (photosensitizer) /
Figure 1: Schematic presentation of photo-initiated CO, reduction by QD-MP nanocompos-
ite.

3132 which can be used

The MPs have narrow Soret bands along with a few broad Q bands
to monitor the state of MP in PET reactions in CQD/MP nanocomposite via TA techniques.
Mandal et al. reported a hot ET from CdTe QDs to tetrakis(4-carboxyphenyl)porphyrin
(TCPP).% On the other hand, Aly et al. explored the ET from meso-tetra(N-methyl-4-
pyridyl)porphine tetrachloride (TMPyP) to QDs.?* Weiss group has shown the reduction of
CO, using CulnS,/ZnS core/shell QD and iron porphyrin nanocomposites.3* The proposed
photocatalytic CO, reduction mechanism starts with the activation of the iron porphyrin
catalyst through the PET from a photo-exited QD.

Despite successful demonstrations of CO, reduction by QD-MP, many questions on the

mechanism and efficiency of the PET and the effect of QD and MP mutual orientation

in these systems remain unanswered. Also, the back electron transfer (BET) is a critical
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parameter, and the sufficiently long lifetime of the charge-separated (CS) state (or a slow
BET) is an important prerequisite to achieve efficient catalytic reactions which are relatively
slow diffusion-controlled processes.

In order to address these issues, we selected 4 nm CdTe QDs (CQD) and cobalt tetraphenyl-
porphyrin derivative (CoP) equipped with —COOH anchoring group, and employed the
ultrafast TA spectroscopy to characterize the PET reaction quantitatively in this nanocom-
posite. The advantage of the selected CQD is a broad absorption of CQD covering the whole
visible spectrum. In addition, this CQD-CoP combination is characterized by favorable ther-
modynamics for PET leading to the formation of (CoP)™ which is known to be a suitable
catalystic state for CO, reduction.®® The steady-state absorption spectra show the forma-
tion of a new band at 465 nm, which is due to the shifted Soret band of the CoP molecule
and points to a complexation between CoP and CQD. We propose that the CoP molecule
binds to the CQD surface in a lateral orientation having additional coordination between
CQD and Co metal. We find this geometry favorable in the density functional theory (DFT)
calculations. The complex formation is also confirmed by a strong luminescence quenching
of CQD in presence of CoP. Femtosecond TA spectroscopy has been employed to confirm
the electron transfer in CQD/CoP nanocomposite systems. From the global fitting of TA
data, the measured ET time constant from CQD to per CoP molecule is &~72 ps and the
charge recombination time is >5 ns or longer than the available delay time from the used
instrument. Therefore, we found a long-lived CS state between CQD and CoP which makes

it a promising nanocomposite for CO,, reduction.

Experimental Section

Synthesis of CdTe QDs

Oleic acid (OA) capped CQDs were synthesized following reported procedures.?® 1 mmol
CdO, 4 mmol OA and 20 mL of octadecene (ODE) were taken together in a 100 mL three



neck round bottom flask. We purged it with Ar gas for 1 hour at 130 °C and then heated
it to 280 °C to dissolve CdO completely. The formation of colourless solution presents
the formation of Cd-Oleate. In another reaction mixture, we have prepared Se-precursor
separately by dissolving 0.5 mmol Se powder in 1 mL trioctylphosphine (TOP) and 2 mL
ODE. The Se-precursor was injected into Cd-precursor at 280 °C with Ar flow and left for
a few minutes to get the desired size of CQD. Finally, the reaction was quenched in a water
bath. After cooling down, the synthesized CQDs were precipitated several times by methanol

and dissolved in toluene for further use.

Porphyrin derivatives

The Structure of free base porphyrin (H,P), cobalt-porphyrin (CoP1) and CoP are shown in
Figure 2. The H,P and CoP1 were purchased from Por-Lab and Sigma-Aldrich, respectively.
We prepared the CoP after incorporating Co metal into purchased H,P following a reported

method. 37

Q o]

Figure 2: Structures of (a) Hy,P , (b) CoP1 and (c¢) CoP

Femtosecond transient absorption spectroscopy

All the TA measurements have been carried out in toluene using a 2 mm cuvette. The 800 nm
laser pulses with 1 mJ energy were generated by Libra F (Coherent Inc.) and split into two

arms. The first one generated white light continuum (400-800 nm) after focusing 800 nm
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pulses on a water cuvette and another one was passed to Topas OPA (Light Conversion
Ltd.) to generate tunable pump. Two wavelengths, 610 and 680 nm, were used as excitation
wavelenghts (pump). Exci-Pro spectrometer (CDP Inc.) equipped with a CCD array for the
visible spectral range (400-750 nm) was used to measure TA spectra (probe) in delay up to

6 ns. The used pump intensity was sufficiently low to avoid multiple excitons generation.

Computational details: The CoP adsorption on the (110) surface was studied using
DFT calculations as implemented in the GPAW3® software. The exchange-correlation part
of the total energy was approximated using the Perdew—Burke—Ernzerhof (PBE)?” exchange—
correlation functional together with the Hubbard-U correction. The U values were set at 5.0
and 3.0 eV for the valence d-electrons of Co and Cd atoms, respectively, and at 2.0 eV for the
valence p-electrons of Te. The weak dispersion interaction was treated using the dispersion
correction proposed by Grimme and co-workers.’ The Kohn-Sham equations were solved
using a plane-wave basis set with a cutoff energy of 500 eV. The reciprocal space was sampled
using 6 x 6 x 6 Monkhorst—Pack mesh for the CdTe primitive cell and 3 x3 x 1 and 3 x2x 1
k-point meshes were used for the 3 x 2 and 3 x 4 (110) surface cells, respectively. The atomic
structure optimization was finished when the residual forces were below 0.05 eV /A on each

atom. Further computational details can be found in the Supporting Information.

Results and Discussions

Steady state absorption and emission spectroscopy

Figure 3 shows the absorbance and emission spectra of synthesized CQD. The absorbance
spectrum has a distinct energy level structured due to quantum confinement. The band edge
(BE) (1S.-1S, transition) (1S) and above BE transitions (1P.~1P, transition) (1P) are at
662 and 565 nm, respectively. The first absorbance peak corresponds to the 4 nm diameter

of CQD. 4
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Figure 3: Absorbance (black) and emission (red) spectra of QDs.

To test the photophysical interaction between CQD and CoP molecules, the steady state
absorbance and emission spectroscopy measurements were carried out. Figure 4 (left panel)
shows the change of absorbance of CQD on the addition of CoP molecules in toluene solvent.
The concentration of CQD was fixed but six different concentrations of CoP were used:
1.23, 2.47, 3.71, 4.95, 6.6, and 9.9 pM. The luminescence quenching of CQD increases with
the increasing number of CoP attached to it, as presented in Figure 4 (right panel). The
luminescence of CQD is quenched 94 % at the used highest concentration of CoP. To calculate
the exact ratio of the concentrations of [CQD] and [CoP], the relative emission of the CQD,
I/1y (where Iy and I are the emission intensities of CQD in the absence and presence of
CoP, respectively) has been plotted as a function of the CoP concentration, as shown in
Figure 4 (right panel), and fitted assuming statistical complex formation with the Poisson
distribution of the number of CoP attached to a CQD and complete emission quenching of
CQD if at least one CoP is attached to CQD.*? Thus calculated concentration of CQD is in
reasonably good agreement with the concentration estimated based on the reported molar
absorption coefficient of CQD with an absorption maximum at 660 nm.** As a reference,
a 94 % quenching is achieved at ratio of [CQD]:[CoP]=1:3, which corresponds to [CQD] =
3.3 uM at highest [CoP] = 9.9 uM in our case (Figure 4, right panel).

The 1S and 1P bands of CQD are not changed at all in the presence of the CoP molecule
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Figure 4: Left Panel: Absorbance spectra of CoP, CQD and CQD in presence of 1.23, 2.47,
3.71, 4.95, 6.6 and 9.9 pM CoP in toluene solvent. Right Panel: Luminescence spectra of
CQD and CQD/CoP same composition corresponding to absorbance spectra. Inset: Plot of
I/1y vs. CoP concentration.

(Figure 4, left panel, in the range 600-700 nm), pointing to the unchanged ground state of
CQD. On the other hand, the absorbance spectrum of CoP does change in the presence of
CQD. The absorbance spectrum of CoP in toluene is shown in Figure 4, left panel and is
characterized by a narrow band at 415 nm (Soret band) due to Sp-Ss transition and broad
and poorly resolved two bands in the 530-600 nm range corresponding to Sy-S; transition
(Q bands).* Absorbance spectra of the CQD/CoP mixture show that a new band develops
at 465 nm and the strength of original Soret band decreases. The new band at 465 nm is
not a new transition, but it is a 50 nm red-shifted Soret band in presence of CQD surface.
Along with the Soret band, the Q bands are also red-shifted, indicating a complex formation
between CQD and CoP. This large shift of absorption is very unusual for metal-porphyrin,
and is typically caused by a deformation of the planar porphyrin skeleton in the event of
complexation. Haddad et al. explained the reason behind the large shifting of absorbance
band by deformation of the metal-porphyrin framework.4* They have reported the shift for
Soret and (Q bands similar to those that we have observed.

To find the reason behind the Soret band shift, two test experiments were carried out: (1)
CoP was mixed with trioctylphosphine-telluride (Te-TOP), and (2) Co-porphyrin without

—COOH group (CoP1, see Figure 2) was mixed with CQD. Figure S2 in ESI compares



spectra perturbations in CoP/CQD and CoP/Te-TOP samples. The same 50 nm shift of
the Soret band and a similar shift of the Q bands are observed in both cases of mixing
CoP with CQD and Te-TOP, proving the interaction between Te and CoP. However, when
CoP1 is mixed with CQD, no perturbation of absorbance spectra of CoP1 is observed (see
ESI Figure S3), and no emission quenching of CQD is seen as well, demonstrating that
without carboxylic anchor no complexes were formed. Figure S4 shows the comparison of
Soret band absorbance in CQD/CoP, CQD/CoP1, CQD/H,P, and Te-TOP/CoP. It’s clearly
visible that Soret band shiftings are exactly the same for both CQD/CoP and TeToP/CoP
cases. Therefore, the 50 nm shifting of CoP absorbance was only observed when CoP had
an anchoring group along with the metal center. Considering all this evidence, we assume
that CoP interacts with CQD at two sites, one is the —COOH group binding to the CQD
surface and another is the co-ordinate of Co to the Te site in CQD. This results in a kind of
“two points” binding with CoP “lateral” orientation in respect to the CQD surface.

The two points interaction between CQD and CoP and especially co-ordination of Co,
creates a strain on the CoP frame, resulting in the deformation of the CoP core and a large
red shift in the absorption. The special lateral binding geometry helps the CoP to come
close to the surface of CQD. From time-dependent DFT calculation Hege et. al.*> proposed
explanation of the effect of nonplanar distortions on the electronic spectrum shift to the red.
The metal(d)-porphyrin (7) orbital interaction is symmetrically forbidden in the planner
metal-porphyrin, but it switches to symmetrically allowed to some extent on the event of a
distortion, resulting in absorption spectra red-shifts largely. Not only metal(d)-porphyrin(r)
orbital interaction, metal(d,,)- porphyrin(as,) antibonding interaction has also a significant
role in this redox level. On ruffling of the porphyrin ring the metal(d,,)-porphyrin(as,)
becomes symmetry-allowed, resulting in raising the orbital energy of the HOMO.

At experimental conditions, most of the CoP has this “two points” coordination. How-
ever, in addition to the shifted Soret band, a smaller band can be found at the traditional

non-disturbed Soret band position, depicting the presence of some amount of CoP without
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Co coordination to CQD. The proportion of CoP with “normal” Soret band to that with
shifted band increases when the ratio [CoP]:[CQD] increases over 5:1. A detailed study of

the proportion between CoP and CQD for the different coordination modes is discussed in

ESI, Figure S5. The highest ratio of CoP and CQD used herein is 3:1 for a detailed study.

CoP binding onto the CdTe surface

The binding modes of the CoP molecule on the CdTe quantum dot were examined using
the non-polar, low-index zinc-blende surface (110), which corresponds to the lowest surface
energy structure for a similar cadmium chalcogenide material, CdS.46

We considered two CoP orientations on the surface: an upright and a lateral geometry,
please see Figure 5. In the upright geometry, we screened several binding sites and the CoP
molecule prefers to bind to the Cd atoms of (110) via the carboxylic anchor group in a
bidentate fashion (see Figure 5. The molecular axis of the CoP is tilted by approximately 30
degrees with respect to the surface plane. This bending is more stable than a fully upright
by -0.27 eV. The distance between the oxygen atoms in the carboxylic group and the surface
Cd atoms are 2.30 and 2.35 A in the optimal geometry. For comparison, the Cd—Te bond
distance in the bulk is 2.78 A.

The lateral binding mode was constructed from the upright geometry by bending the
porphyrin ring towards the surface so that the ring lies parallel on the surface. Different
orientations for the CoP were considered. In the optimal configuration, the carboxylic group
remains bonded with the surface Cd-atoms and the cobalt atom in the porphyrin ring is able
to bind with a surface Te-atom. The Co-Te coordination results in a significant distortion
of the porphyrin ring as depicted in Figure 5. The Co-Te bond length is 2.99 A and the
Cd-O distances are 2.24 and 2.27 A.

Energetically the lateral binding mode is significantly more stable than the upright one.
The binding energy of CoP in the slightly bended upright orientation is —3.57, while the

binding energy for the lateral orientation is —4.41. Thus, the lateral geometry results in
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a further stabilization of —0.84 over the upright geometry. The computationally identified
distortion of the molecular ring can help to explain the experimentally observed shifts in the

Soret and ) bands discussed above.

Figure 5: CoP molecule adsorbed onto the (110) surface in an upright (top) and a lateral
orientation (bottom).

Under experimental conditions, the surface of the colloidal quantum dot is capped by
ligands, for example oleic acids. The binding of these ligands competes with the binding of
the CoP. We mimic the oleic acids with carboxylic acid with different carbon chain lengths
(please see SI for more information). Our results show that in general the binding energies
of the CoP molecule are more exothermic than the binding energies of considered carboxylic
acids. While in the upright binding mode, the surface area adopted by the CoP is roughly
equal to one carboxylic acid ligand molecule, in the lateral binding mode, the CoP needs
more space, which could, in turn, require the removal of some ligand molecules from the

surface of the quantum dot. However, the energy gain from the CoP adopting the lateral
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binding mode over the upright one is smaller than the binding energy of a carboxylic acid
ligand molecule making the exchange process thermodynamically unfavourable.

From steady-state absorption, emission, and DF'T calculation, We have found a lateral
binding geometry between CQD and CoP, where the emission of CQD is quenched. The
possible mechanisms behind the luminescence quenching of CQD in presence of CoP can be
either electron transfer or energy transfer or both electron and energy transfer from CQD to
CoP.3%4749 The energy transfer is not a favorable process in this nanocomposite as there is
no overlap between the luminescence spectra of the donor (CQD) and the absorption spectra
of the acceptor (CoP).

The thermodynamic feasibility of the ET can be deduced from the energy comparison
of the CB bottom of CQD and the LUMO of CoP. We used differential pulse voltammetry
(DPV) to calculate the redox levels of CoP and CQD, as shown in Figure S7. The energies
of interest are the LUMO of CoP and the CB bottom of CQD, which are at —3.27 eV and
—3.76 eV, respectively. This clearly shows that PET is possible and it has a relatively large

driving force of 0.5 eV.

Femtosecond TA studies

In order to confirm the ET from CQD to CoP molecule and to evaluate ET and BET rate
constants, we have employed femtosecond TA spectroscopy. Figure 6a shows the TA spectra
of CQD at different delay times in the range from 0.75 ps to 5 ns following 600 nm excitation
pulse. The fastest process, around 1 ps, can be attributed to carrier cooling and the longest
to the final electron-hole pair recombination. We can see the distinct bands corresponding
to different transitions in CQD spectra, a dominating 1S and a minor 1P transitions are
at 665 and 567 nm, respectively. In addition to these bands, another bleach for higher
transition at 450 nm is observed. We used sufficiently low excitation density (=5 % of
saturation) to generate predominantly the single exciton excited state and avoid multiple

exciton generation.
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Figure 6: TA spectra of CQD (a) and CQD/CoP (b) following 600 nm excitation in toluene.
(c) and (d) are the same spectra as in (a) and (b) but expanded in the 410-500 nm range.
Ground state absorbance (normalized) and difference spectra for CQD and CQD/CoP at
0.75 ps (e) and 100 ps (f) time delay.
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The similar TA spectra of CQD/CoP nanocomposite with 94 % emission quenching (cor-
responding to [CoP]:[CQD]~3:1) are presented in Figure 6b. The TA measurements of CQD
and CQD/CoP nanocomposite were carried out in the same condition with the same pump
fluency, and the excitation pump fluency must be roughly the same in both cases. The
spectral shape at the BE (1S) of CQD/CoP sample is the same as that of CQD, though
the bleach recovery is much faster in the case of CQD/CoP sample. In addition, there is an
important difference between two samples in the range 420-550 nm starting from a few ps
delay as shown in Figures 6¢ and d.

At a very early delay time (at 0.75 ps), the spectra for CQD and CQD/CoP nanocompos-
ite are the same (Figure 6e), but with time a new band develops with a maximum close to
467 nm. At 100 ps delay, a completely distinguished band at 467 nm is observed (Figure 6f).
The ground state absorption of the sample and TA spectra at 0.75 and 100 ps are compared
in Figures 6e and 6f, respectively, and one can see that a new band develops at the same
position as the Soret (shifted) band. It indicates that CoP gets involved in the excitation
relaxation of the CQD/CoP complexes at tens of ps delay time.

The pump at 600 nm excites predominantly CQD since at this wavelength, the absorbance
of CoP is very negligible compared to that of the CQD. Nevertheless, the TA response of CoP
alone was tested separately and the results are presented in ESI Figure S7. The Soret band
at 420 nm is instantly bleached after excitation, but the lifetime of the excited state is very
short (few ps) in agreement with the previous reports.5%5! The TA response of CQD/CoP
complexes is different, especially the time scale of the response is much longer compared to
that of pure CoP solution.

Another distinct feature of the TA response of CQD/CoP complexes is that while the
bleaching of the CoP Soret band shapes up, the features of the CQD excited state disappear.
This can be seen from both the bands at 670 and 445 nm. For example, at 100 ps the
bleaching at 670 nm, the CQD band edge region, is almost recovered but the CoP Soret

band bleaching is close to its maximum. The energy transfer from CQD to CoP can be
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excluded since the excited state energy of CQD is lower than that of CoP as was discussed
above. Another reason to exclude the energy transfer is that the lifetime of the CoP excited
state is short, a few tens of ps at maximum, but the response of CoP in CQD/CoP complexes
is well observed at a few nanosecond delay times. However, the observed behavior is in line
with the electron transfer from CQD to CoP.

An excited CQD has one electron at the bottom of CB which leads to the bleaching
at the band edge wavelength. The ET removes the electron from the CB and results in
an almost complete recovery of the absorption at 670 nm.!'®%2 At the same time, an extra
electron at CoP changes the absorption of the porphyrin which is observed as the bleaching
of the strongest absorption band, the Soret band. This extra electron at CoP side cannot
relax within CoP molecule, and must recombine with the hole left in the CQD. This must
be a slow process leading to a long-lived intermediate in TA measurements.

The TA data were fitted globally (see ESI for details) to identify and quantify the inter-
mediate states formed during the excited state relaxation including carrier cooling, carrier
trapping, ET from CQD to CoP, and BET from CoP to CQD. The decay-associated spectra
(DAS) obtained by the global fit of CQD and CQD-CoP samples are shown in Figures 7a and
7b, respectively. CQD TA data were fitted by a combination of exponential (“Expl”) and
Poisson (“Pois”) decay functions (see ESI for details). The former model represents carrier
cooling down to the bottom of the CB, and the latter is designed to model the decay of CQD
with possible defects having Poisson distribution.?® The estimated cooling time, 0.45 ps, is
in good agreement with previously reported results. 2%:53

The second component, the Poisson decay function, depends on three parameters, the
relative quencher (trap state) concentration, ¢;, trapping time constant, 7;, and the excited
state lifetime of the trap-free CQD, 75. The calculated parameters are ¢, = 1.2, 7, =
70 ps, and 179 ~ 2.5 ns, respectively. The value of 7y is much shorter than the emission
decay measured using the time-correlated single photon counting method which is due to

a limited time scale available from the pump-probe instrument, roughly 5 ns. However,
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Figure 7: Fitted decay associated spectra (DAS) of CQD (a) and CQD/CoP nanocomposite
materials (b) following 600 nm excitation in toluene (from figure 6). (c) Spectral cuts of
CQD (x) and CQD/CoP (y) at the BE (670 nm) and the Soret band (467 nm) for CQD/CoP
nanocomposite (z). (d) Spectral cuts of CQD/CoP at 470 nm and 425 nm.
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the other two values are reasonable and consistent. In particular, the fit suggests that the
emission quantum yield of QDs is not greater than e~ = 0.3, which agrees with steady-state
measurements (0.18).

The CQD-CoP TA data were fitted using a sum of four exponents (“Expl”, “Exp2”,
“Exp3” and “Exp4” in Figure 7b) plus a step function (“Step”) which represents a long-
lived state without detectable decay within the instrument time scale, 5 ns. The fastest
component, 0.4 ps, is similar to that of the CQD sample and can be attributed to carrier
cooling. The following process, 2.5 ps, results in a minor recovery of the beaching associated
with CQD excited state and it is not clear what is the origin of this relaxation. However, the
dominating component in terms of the bleaching recovery has a time constant of 24 ps, and
in addition to the bleaching it has a positive band close to 470 nm, which is the absorption
wavelength of CoP. This component indicates that while the excited CQD population decays,
the ground state of CoP molecules is depopulated, or CoPs are promoted to another state.
As discussed above the most feasible interpretation is the electron transfer from the excited
state of CQD™* to CoP, or CQD 4+ hy — CQD* and then CQD* +CoP — CQD' +CoP .
The 24 ps time constant is an “observable” lifetime, but since on average each CQD should
have three CoP attached to it, the estimated ET time constant in an “ideal” one-to-one
complex is roughly 72 ps.

The ET reaction is not the last one in the measured time window. The reaction with
400 ps time constant has a very minor signal at the BE wavelengths (600-700 nm) but a
strong response in the blue part of the spectrum (400-500 nm). The reaction results in a very
long-lived (>>10 ns) state with the differential spectrum presented by the “Step” component
attributed to a very long-lived charge-separated state. The distinct features of this state
are still bleached 470 nm band and increased absorption at 420 nm, which corresponds to
non-coordinated CoP.

To visualize the ET more clearly, we present spectral cuts of CQD (x) and CQD/CoP

(y) nanocomposite at the BE (670 nm) and shifted Soret band position at 470 nm (z)
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in Figure 7c. At the BE, one can follow the depopulation of the excited state of CQD
which is faster for CQD with CoP than without CoP. Then, taking into account the band
structure of this II-VI semiconductor, we can see that the CB and VB are two- and four-fold
degenerate, respectively, and the hole (k) is heavier than the electron (e).1822 The e and h
contributions to the TA bleach of this type of QDs is still under debate.?*2¢ So far, no hole
contribution was observed in the TA bleach for nascent CdSe or CdTe QDs. The e at the
CB is mainly responsible for TA bleach. Therefore, if the e transfers from the CB of QDs to
any other state or location, there is no more blocking of the transition corresponding to the
BE since the effect of e on the stransition is much smaller effect and the degeneracy of hole
at VB is higher. As a result, the bleach dynamic follows the e state and decays with ET.
Simultaneously, the development of bleach at 470 nm with the same rate as the depopulation
of the CQD excited state can be attributed to the ET from CQD to CoP. To explain what
is happening after ET or where e can be localized, one may follow the spectral cuts at 420
and 475 nm in Figure 7d. During the growth of the bleach at 470 nm arising from the ET,
the absorbance at the 420 nm is negligible. It means that the absorbance rising at 420 nm
is delayed by a few hundreds of ps and it starts to grow after the ET. The absorbance rises
at 420 nm coincides with a small recovery at 470 nm. The CoP~ is generated after the
ET from the excited CQD. It can be discussed if the e is first localized at the porphyrin
m-conjugated ring and then is transferred to Co changing its state from Co' to Co', or it
is directly transferred to Co avoiding localization at the porphyrin ring. In any case, the
electron transfers from the porphyrin ring to Co (or Co"(P~) — Co'P) is the fast and
favorable process for metal to ligand charge transfer, and it must take place in a few ps

5051 or faster than the ET from the excited CQD, and thus is not experimentally

timescales,
observable in our case. But the change in the Co coordination state affects Co binding to
CQD, and we attribute the 400 ps to the loss of Co—-CQD coordination, losing lateral binding

geometry of the porphyrin ring and thus returns to its Soret band maximum to 420 nm as

the result. After the BET the system returns to its initial state. On the other hand, to check
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the influence of a trace amount of atmospheric CO, and O, dissolved in toluene solvent, we
have measured TA of CQD/CoP composite in similar conditions after nitrogen purging for
a long time to remove dissolved trace amount of CO, and oxygen, and compared the results
with no purging sample as shown in Figure S8. The spectral shape and kinetics of all the
wavelengths are exactly the same. Therefore, we can say that the dissolved atmospheric CO,
(and oxygen, for that matter) doesn’t have any influence on the charge transfer processes in
this nanocomposite at least in the time domain shorter than 6 ns.

At 600 nm excitation wavelength, the absorption for CoP is negligible compared to that
of CQDs but not zero. Therefore, there is a chance to generate some signal at 467 nm from
direct excitation of CoP. To avoid the excitation of CoP completely, the TA experiments were
carried out with excitation at 680 nm where absorption for CoP molecule can be completely
excluded. The 680 nm pump is at the longer wavelength edge of the 1S band of CQD
but completely out of CoP absorption range, as shown in Figure 8a. The downside of the
excitation at 680 nm is that the strong pump scattering makes it impossible to monitor the
CQD response at BE wavelength range. Therefore, the discussion will be limited to the

400-500 nm monitoring range only.
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Figure 8: (a) Comparison of overlap between absorption of CQD, CQD/CoP and 680 nm
excitation pump spectra. TA spectra of CQD (black) and CQD/CoP red at 300 fs (upper
panel) and 100 ps (lower panel) after 680 nm pump excitation in toluene.
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Right after the 680 nm excitation, the TA signal is only contributed by the CQD response.
Figures S9a and b present the TA spectra of CQD and CQD/CoP nanocomposite following
680 nm excitation. The spectra of CQD in the 410-500 nm range are similar with both
excitations at 600 and 680 nm. Also the spectra of CQD/CoP follow the same trend when
excited at 600 and 680 nm.

At an early time scale of 300 fs, the spectra of CQD and CQD/CoP are the same, but
with time a new band develops at 467 nm in the case of CQD/CoP sample. At 100 ps we can
distinguish the separate bleach band at the 467 nm, Figure 8b lower panel. This bleach is
very long-lived as well and not decaying within the measurement time window (5 ns) similar
to the case of excitation at 600 nm. Figure S7 (C) presents the kinetics of CQD/CoP at
467 nm which is quite similar to that with 600 nm excitation. The TA experiment with
680 nm excitation confirms the ET from CQD to CoP.

There are a few factors which control the electron transfer rate from CQD to CoP and
the lifetime of the CS state.

(1) The electronic coupling between the initial (excited) and final (charge transfer) states
is the key parameter critical to the electron transfer rate in both forward and back reactions.
The electronic wave function of CB of CQD spreads wider as compared to LUMO of CoP
because of the larger spherical size of CQD compared to molecular orbital, resulting in
relatively slow electron transfer.’* The CS state is also quite long-lived because of this weak
electronic coupling between the donor and acceptor.

(2) The distance between CoP and CQD has a strong influence on the coupling strength
between initial (excited) and final (charge separated) states, which can impact both ET and
BET. Herein, we didn’t study the distance effect on ET and BET, though we expect a very
short separation between the CQD and CoP due to the “lateral” binding mode.

(3) Orientation of CoP on the surface of CQD is also an important parameter for ET
and BET. It has been already shown that for nanocrystal-molecular acceptor system, the

ET is faster in lateral attachment compared to the up-right orientation of the acceptor on
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QD surface typical for a through ligand attachement.?>*® The “lateral” binding mode found
here can be considered to provide an optimal geometry for a fast and efficient PET.

(4) The TA data show that the electron-hole recombination is really slow in this CQD/CoP
system (>> 5 ns). The electron and hole decouple quite strongly as the electron is localized
at CoP and hole on CQD, which are completely different species. After charge transfer the
coordination between CQD and CoP is lost temporarily, and as the result, the electron-hole
are separated even more, which slows down the BET rate from CoP~ to CQD™.

Therefore, we found an unprecedentedly strong complexation between metal-porphyrin
and CQD, and a long-lived CS state in a single architecture which can be promising for CO,

reduction. To prove this, further photocatalysis studies are required.

Conclusions

Nanocomposite materials of 4 nm oleic acid-capped CQD and CoP were prepared and their
photophysics is thoroughly investigated. A strong complexation between CQD and CoP is
revealed by a development of new absorption band in the Soret band region of CoP. An
unprecedented complex formation with binding of the CoP carboxylic anchor to the CQD
and coordination between the central metal of the CoP to Te atom on CQD surface are
proposed. The favorable lateral binding geometry in CQD/CoP complex is found through
computational modeling and it agrees with all the experimental observations. The measured
cyclic voltammetry data show the feasibility of ET from CQD to CoP. The first signature
of ET from CQD to CoP is the strong luminescence quenching of CQD on nanocomposite
material formation. Femtosecond TA spectroscopy proved the ET process in this CQD/CoP
nanocomposite material by shortening the CQD excited state lifetime in presence of CoP
compared to pure QDs, and a new band formation at the shifted Soret band position. From
the global fitting of TA data, the estimated electron transfer time constant from the excited

CQD to per CoP molecule is ca. 72 ps and the charge recombination time is >5 ns where

22



lateral binding helps to get long-lived charge separation. The ET to CoP activates it as a
catalyst for e.g. CO, reduction, and the long lifetime of the charge-separated state suggests

that CQD/CoP nanocomposites can be a promising material for photocatalytic applications.
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