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ABSTRACT: An organic dye-modified organolead halide
CH,;NH,;PbBr; nanoparticle (cubic) is prepared successfully
by using a perylenetetracarboxylic diimide (PDI) bearing an
-NH;" headgroup as the capping ligand. The nanopartilces are
homogeneous with high crystallinity. The photoluminescence
of perovskite is quenched completely by the chemically
adsorbed PDI molecules. This eflicient fluorescence quenching
has confirmed that the PDI molecules are anchored on the
surface of CH;NH;PbBr; nanoparticle. The resulting nano-
particles can be dispersed in organic solvents, and the resulting
dispersion remains stable for days. This result provides a
general guideline for surface engineering of organolead halide

B INTRODUCTION

Organometallic halide perovskite ABX; (A = organic cation, B
= divalent/trivalent metal ion, X = halide anion) as an absorber
in photovoltaic conversion devices has been triggered
tremendous research interest in recent years, especially for
CH,NH,PbX; (X = I or Br).'”'” The power conversion
efficiency of perovskite solar cells (PSCs) has been constantly
raised from the initial 3.8%' to 20.2%'' due to the large
absorption coefficients,'” small direct band gaps,” high charge-
carrier mobilities'*'* and long exciton diffusion length,'>'
which makes PSCs the most powerful competitor for the next
generation practical applicable solar cells. Interestingly, PSCs
based on CH;NH;PbBr; has extremely high open-circuit
voltage,"” ™" up to 2.2 V,"” has been considered as a promising
solar device to achieve water-electrolysis, and eventually realize
the solar-to-hydrogen conversion. Moreover, the excellent
properties of CH;NH;PbX; are also generating great research
interest to explore the possible applications in other fields, such
as light emitting diodes,””*" Li-ion batteries,”> and fluorescence
sensors and so on.”

To meet the needs of varied applications in different devices,
CH;NH;PbX; materials have been prepared as bulky thin solid
films,>''>'12% confined nanomaterials in a nanoporous
substrate. Very recently, CH;NH;PbBr; nanoparticles
(NPs) with sizes as small as several nanometers and high
emission quantum yield have been prepared for the first time by
replacing CH;NH;" on the periphery of the octahedron with
octylammonium (OA) cations as the capping ligand.”*** The
resulting NPs can be dispersed in toluene and keep stable for
24 h. Aggregation induced emission from CH;NH;PbBr; NPs
dispersed in solution was found to be useful as fluorescence
probe.”® To make use of the advantages of the CH;NH;PbBr,
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CH;NH,;PbBr; nanoparticles.

NPs over bulky thin solid films,”* and develop new applications
for perovskite materials, further functionalization on the surface
of the CH;NH;PbBr; NPs with other organic molecules should
be a rational design. However, no such research has been
reported so far. We presumed that by replacing the long alkyl
amines with other organic photofunctional molecules, photo-
induced electron transfer may occur between CH;NH;PbBr;
and the anchored molecules, and thus the CH;NH;PbX; NPs
could be endowed with new photofunctions, such as wider
absorption spectrum, or novel emission properties.

Perylenetetracarboxylic diimides (PDIs), a special class of
organic dyes with outstanding photochemical and photo-
physical property and photostability, are commonly applied in
various optoelectronic devices as semiconductors or electron
acceptors.”*"*" In addition, characteristic absorption of PDIs
around 500—600 nm can make up for the low absorption of
CH;NH;PbBr; at this range. Therefore, PDI molecules are
ideal candidates to replace OA to be anchored on the surface of
CH;NH,PbBr; NPs. In the present paper, we report for the
first time PDI-modified CH;NH;PbX; NPs and the efficient
photoinduced electron transfer between CH;NH;PbX; NP and
anchored PDI molecules.

B EXPERIMENTAL DETAILS

Material and Methods. All solvents were of analytical grade.
DMF and acetone for preparation of perovskite NPs were dried by
CaH, before use. All other chemicals were used as received without
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Chart 1. Structures of PDI and PDI-C6
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further purification. The initial material 3, 4, 9, 10-perylenetetracarbox-
ylicacid dianhydride (96%) was purchased from commercial source.

Oleic acid (90 mg) in 2 mL octadecene were stirred and heated at
80 °C. Octylammonium bromide (0.03 mmol) and PDI (0.03 mmol)
were added into the hot solution. Then methylammium bromide (4.4
mg, 0.04 mmol) in DMF (0.1 mL) and lead(II) bromide (36.7 mg, 0.1
mmol) in DMF (0.1 mL) were subsequently added. The pink
precipitates (PDI-Pg,,) were formed by adding the hot reaction
solution into hot acetone and centrifugated (7000 rpm, 10 min). The
nanoparticles were washed by toluene to remove oleic acid and
octadecene and then dried at room temperature.

Measurements. 'H NMR spectra were recorded on a Bruker 400
MHz NMR spectrometer with chemical shifts reported in ppm (TMS
as internal standard). Absorption spectra were measured on Shimadzu
UV-2450 spectrophotometer. Steady-state fluorescence spectra were
recorded on F-280 fluorescence spectrophotometer. Fluorescence
quantum yields and nanosecond transient fluorescence spectra were
collected on Edinburgh Instruments FLS920 three-monochromator
spectrophotometer. The absolute fluorescence quantum yields were
obtained by integrating sphere method and fluorescence decay was
performed in the single photon counting (TCSPC) mode. Electro-
chemical measurements were carried out on CHI-760 electrochemical
workstation in DMF containing 0.10 M tetra-n-butylammonium
hexafluorophosphate ((nBu),NPF4) as supporting electrolyte at a
scan rate at 0.1 V/s. Typically, a conventional three-electrode cell was
used with a platinum carbon working electrode, a platinum wire as the
counter electrode and 0.01 M Ag/AgNO; as reference electrode. The
cyclic differential pulse voltammogram data was collected after N,
purging into the solution for about 10 min. Powder X-ray diffraction
(XRD) patterns were obatained by D8 Advance X-ray diffractometer
(Bruker, Germany) with Cu Ka radiation. High-resolution trans-
mission electron mictroscopy (HRTEM) graphs were taken by JEM
2100 miroscope at an accelerating voltage of 200 kV. All the
measurements were conducted at room temperature.

B RESULTS AND DISCUSSIONS

Synthesis and Phase Analysis. Following the literature,”*
it is crucial to choose capping ligands with an appropriate
length for the homogeneity of perovskite NPs. So PDI with an
ethyleneamine headgroup on one side and a long alkyl tail on
the other side has been designed. The ammonium group is
expected to be able to anchor on the perovskite crystal surface.
PDI (Scheme S1) was synthesized according to the reported
methods,” and the details of the synthetic procedures and the
molecular structure characterization are presented in the
Supporting Information.

For comparison purposes, we have successfully repeated the
preparation of CH;NH;PbBr; NPs capped by octylammonium
bromide (Pg,).”* The characterizations of P, by absorption
and photoluminescence (PL) spectra (see Figure S1), XRD,
and HRTEM images are shown in the Supporting Information
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(see Figure S2). XRD patterns reveal the cubic phase for Pg,,
and HRTEM images suggest that the crystalline surfaces of NPs
are in good agreement with the results reported.”” It should be
noted that its absorption and photoluminescence bands in the
spectra of Pg, blue-shifted a little bit compared with that
reported in the literature, which can be ascribed to the different
size 3ilistribution of Py, from that of the literature (Figure
S2).

PDI-modified CH;NH;PbBr; NPs were prepared by partially
or completely replacing octylammonium cations (OA) with
PDI following the synthetic procedures of P, (see Supporting
Information). We have tried three different ratios between PDI
and OA, 1/2, 1/1 and 1/0. These samples are labeled as PDI-
Poaz PDI-Pg,,, and PDI-P, respectively. Figure 1 shows their
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Figure 1. X-ray diffraction patterns of CH;NH,PbX; NPs. (a) Py, (b)
PDI-P, and (c) PDI-Pg,,.

XRD patterns. The diffraction pattern of PDI-Pg,, is very
similar to that of PDI-Py,, (Figure S3 in the Supporting
Information), so only the diffraction patterns of PDI-P,;, and
PDI-P are shown. The diffraction peaks agree well with that of
Pos which can be assigned to the diffraction of cubic
CH,NH,PbBr;.”* No impure diffraction peak is identified
from the diffraction patterns of PDI-Py,, and PDI-P. HRTEM
images as shown in Figure 2 reveal the same results. The
measured lattice fringe spacings in Figure 2b,c are 0.243 and
0.268 nm, corresponding to (211) and (021) family planes of

Figure 2. HRTEM images and the corresponding FFT analysis of
PDI-Py,, and PDI-P NPs: (a) view of PDI-Py,, NPs; (b,c) lattice
fringe phase and its FFT analysis of PDI-Pg,;; (d) view of PDI-P
NPs; (ef) lattice fringe phase of PDI-P and their FFT analysis
(insets).
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cubic CH;NH;PbBr;.’>*> Moreover, the a-lattice parameters
calculated from these d-spacing data with the function of 1/d%,,
= (K + k* + *)/a* are 5.97 + 0.02 and 5.94 + 0.02 A for PDI-
Poa, and PDI-P, respectively, which are also in good
accordance with cubic CH;NH;PbBr; with Pm3m space
group."’o’32 Energy dispersive spectrometer analysis (EDS)-
(Figure S4) for PDI-Py,, shows Pb:Br:O = 1:3.18:1.8. It
means that the ratio of PDI and CH;NH;PbBrj; is 0.3:1 in PDI-
Poa;- Similar EDS analysis reveals that the ratio between PDI
and CH;NH;PbBr; in PDI-P is 0.6:1.

Steady-State Fluorescence Quenching. The absorption
spectra of PDI-Py,, and PDI-P are shown in the inset of
Figure 3. The absorption spectrum of PDI-Py,, was the
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Figure 3. PL spectra of PDI-P,,, PDI-P, Py, and PDI excited at 401
nm. Inset shows the absorption spectra.

superposition of the absorption spectra of PDI and Pg,, which
has also found for PDI-Py,, (Figure SS in the Supporting
Information). However, the absorption spectrum of PDI-P
reveals distinctive change on the 0—0/0—1 peak ratio with
respect to that of pure PDI and PDI-Pg,,, which can be
attributed to the formation of PDIs aggregates in PDI-P NPs.”

Figure 3 compares the steady state PL spectra of PDI-Pg,,
with that of Py, and PDI with excitation at 401 nm. In toluene,
the characteristic emission of Pg, appears at 523 nm, which is
similar to that reported in literature.”* However, this emission
band disappears in the spectrum of PDI-Pg,;. A broad
emission band appears around 580 nm, which can be assigned
to the fluorescence of PDL*’ As revealed by the absorption
spectra, inset of Figure 3a, both P, and PDI can absorb light
at the excitation wavelength (401 nm), therefore, the emission
peaks of both PDI and Py, should be observed in the
fluorescence spectrum of PDI-Pg,;. The missing of the
emission of P, suggests that it has been quenched by PDI
with an efficiency of 100%. In the PL spectrum of PDI-P, the
emission of Py, disappears too, indicating the presence of
similar efficient fluorescence quenching with that in PDI-P,,.
Similar results are also found in the PL spectrum of PDI-Pg,,
(Figure S6 in the Supporting Information).

Because the emission of Pg, overlaps well with the
absorption of PDI (Figure S7), energy transfer from Pg, to
the PDI subunit within PDI-Py,; was suspected to be the
reason for the fluorescence quenching of Py, by PDL So the
excitation spectrum of PDI-P,; by monitoring the emission of
PDI at 576 nm was recorded (Figure S8). The excitation
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spectrum resembles the absorption spectrum of pure PDI,
indicating that the absorption of Py, in the range of 350—550
nm does not contribute to the fluorescence of PDI at 576 nm,
which excludes the presence of energy transfer between excited
P, and PDI within PDI-Pg,,.

Electrochemical Properties and Energy Level Dia-
grams. To explain the fluorescence quenching, redox
potentials of pure PDI have been measured, and its HOMO
and LUMO energy bands are calculated from the half-wave
redox potentials (Figure S9 and Table 1). It is found that the

Table 1. Half-Wave Redox Potentials” (vs SCE) of PDI and
PDI-C6 in DMF

compound Ox, Red, Enomo/eV E umo/eV
PDI 1.36 —0.83 —5.80 -3.61
PDI-C6 1.33 —0.84 —=5.77 —3.60

“Value obtained by DPV in dry DMF with 0.1 M (nBu),NPF; as the
supporting electrolyte and Fc/Fc* as an internal standard.”

HOMO and LUMO energy levels of PDI match well with the
covalent band (VB) and conduction band (CB) of
CH;NH,PbBr; NPs (Figure 4),** respectively. The electron
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Figure 4. Energy level diagram of PDI, PDI-C6, and CH;NH;PbBr;.
The CB and VB of CH;NH,PbBr; were quoted from the literature.>*

injection from the CB of CH;NH;PbBr; to the LUMO of PDI
is thermodynamically favorable, which may responsible for the
fluorescence quenching of Py, by PDI subunit within PDI-
Poa; when Py, subunit is excited.

Comparison with PDI-C6. To confirm that the significant
fluorescence quenching between P, and PDI subunits within
these three samples is caused by the anchoring of ammonium
group of PDI on the surface of CH;NH;PbBr; NP rather than
by the physically adsorbed PDI molecules, we use another PDI
derivatives, PDI-C6, without the valid anchor —NH,", instead
of PDI in PDI-Pg,,. The resulting product was labeled as PDI-
C6/Pg,. The absorption and PL spectra are shown in Figure S.
The absorption spectrum of PDI-C6/Pg, is the superposition
of the absorption spectrum of pure PDI and Py, The PL
spectrum of PDI-C6/P, presents two bands at 521 and 575
nm, which can be assigned to the emission of Py, and PDI,
respectively.””*” Obviously, the emission from Pq, has not
been quenched, or at least has not been completely quenched.
This is contrary to the PL spectrum of PDI-Pg,,, PDI-Pg,,,
and PDI-P as mentioned above. This result indicates that the
PDI-C6 molecules cannot anchor onto the surface of Py, due

DOI: 10.1021/acs.langmuir.5b04221
Langmuir 2016, 32, 3294—-3299
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Figure S. Absorption and PL spectra of PDI-C6/Pg, in toluene.

to the missing of ammonium cation headgroup, and therefore
the emission of the P, subunit cannot be quenched, or at least
completely quenched.

Photoluminescence Dynamics. The difference between
PDI-C6/Py, and PDI-Py,; was also revealed by the time-
resolved PL dynamics. The decay kinetics of the emission of
PDI-P,,; and PDI-C6/P, at 523 nm is compared with that
of pure Py, in Figure 6. The fluorescence decay dynamics of
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Figure 6. Time-resolved PL dynamics of CH;NH;PbBr; NPs in
toluene probed at 523 nm after excitation at 370 nm.

PDI-P,,, is significantly faster than that of PDI-C6/Pg,. The
fitting of the decay curve of the pure Py, gives three lifetimes
(Table 2): 17.6, 76.8, and 320 ns. The 76.8 ns component

dominates (46.5%) the decay. The lifetime of the long-lived
component (320 ns) is close to that of CH;NH,PbI, Cl,
film.' Similar three lifetimes are deduced from the decay of
PDI-C6/Py,, but the component with the longest lifetime
dominates the decay. The proportion of the short lifetime
components (z; and 7,) in the total emission of PDI-C6/Pg,
decreases obviously, while that of the long lifetime component
increases. Based on the fact that the total fluorescence quantum
yield of PDI-C6/Py, is smaller than that of Pg,, the
proportion decrease of the short lifetime components in the
total fluorescence of PDI-C6/P, should be the result of the
fluorescence quenching caused by PDI-C6. The fluorescence
decay of PDI-C6/P, as shown in Figure 6 is slower than that
of pure Pg,, suggesting the decrease on the concentration of
surface defects in PDI-C6/Py, than in Pg,.>> Moreover,
because PDI-C6 do not has anchoring group —NHj;", it can
only physically adsorbed on the surface of perovskite NPs. So
we suggest that the short-lifetime components in the emission
of P, might belong to some defect states. The component has
the longest lifetime that can be attributed to hole—electron pair
recombination, which is the intrinsic lifetime of Pg,, and is
found in many different perovskite NPs.”® An extremely short
lifetime (0.044 ns) was deduced from the decay dynamics.
Because this value is close to the lower limit for the lifetime
measurement of the instrument, it is not accurate and just
qualitatively suggests the presence of efficient fluorescence
quenching of Py, by PDI within PDI-Py,,. Similarly
fluorescence decay dynamic is found for PDI-Pg,, (Figure
$10 in the Supporting Information). The fitting results are also
summarized in Table 2. Very short lifetimes were deduced, and
the efficient fluorescence quenching was proved. This result
corresponds well to the result of steady state fluorescence
experiments as mentioned above. This significant difference in
the PL decay dynamics between PDI-Py,; (or PDI-Pg,,) and
PDI-C6/P, reveal that the interaction between PDI and Pg,
subunits within these two NPs are distinctively different. It is
safe to conclude that PDI molecules with —NH;" have
anchored onto the surface of Py,. It must be noted that we
have also tried to record the fluorescence decay dynamics of
PDI-P, the experiments did not lead to any reliable results. We
attributed this result to the overwhelming emission of PDI
caused by the large absorbance at the excitation wavelength,
which overlaps with the emission of Py, at 523 nm. Due to the
small content of PDI in PDI-Pg,,, the fraction of excitation
light absorbed by PDI is small and the fluorescence of PDI
should be not as strong as in that in PDI-P. So the fluorescence
decay of PDI-Pg,; at 523 nm can be measured.

Following eq 1, we have also calculated the average
fluorescence lifetimes (z,,) for these materials, which correlated

Table 2. PL Decay of CH;NH;PbBr; NPs in Toluene Probed at 523 nm with Time Constant 7; and Amplitude A;

POA
17.64 + 0.34 (23.26%)
76.8 + 147 (46.50%)
319.32 + 5.60 30.25%)

7(ns) (4;)
7(ns) (4,)
73(ns) (43)

7 12 13
7, (ns)” 24675 352.86
Dy, 0.522 0.424

PDI-C6/Po,

847 + 0.19 (11.23%)
73.77 + 1.17 (35.45%)
389.57 + 4.70 (53.32%)

PDI-Py,,
0.14 + 0.004 (52.15%)
049 + 0.01 (35.91%)
4.51 + 0.09 (11.93%)

PDI-P,,,

0.044 + 0.002" (86.86%)
371 + 0.05 (13.14%)

0.9 1.1
3.21 3.44
0.091 0.141

“The total absolute fluorescence quantum yields including the emission of both Py, and PDI. bThis value is close to the lower limit for the lifetime

measurement of the instrument, therefore, it is not accurate.
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with the charge recombination time and the concentration of
surface defects.”

AR AL+ -+ AL
A1t1+A2t2+"' + Antn

av (1)

The long average lifetimes of Py, and PDI-C6/Pg,
evidenced the considerable reduction on the concentration of
surface defects. Both PDI-Py,, and PDI-Py,, show average
lifetimes around 3 ns, which significantly shorter than that of
Pos and PDI-C6/Pg,, this can be attributed to electron
transfer from P, to the adsorbed PDI molecules. There is no
obvious difference between the 7,, of PDI-P,, and PDI-Pg,,,
which indicates that the short fluorescence lifetimes of them
have nothing to do with the content of OA. Therefore, the very
short 7,, is not caused by the reduction on the surface coverage
of the perovskite NPs by OA.

Based on the experimental results as discussed above, the
fluorescence quenching process within PDI-Pg,, and PDI-C6/
Py, can be illustrated by Figure 7. In PDI-Pg,,, due to the

e o % $
.t/
:

(b)

(a)

Figure 7. Illustration of electron transfer process: (a) PDI-C6/Pq,
(b) PDI-Pg,,. Note: The organic molecules were enlarged for clarity.

presence of -NH;" group, the PDI molecules can anchored to
the surface of Py, NPs firmly, resulting in a short distance
between the PDI molecules and P, surface and then an
efficient photoinduced electron transfer. However, in PDI-C6/
Py, the PDI-C6 molecules can only be physically adsorbed on
the surface of Py, driven by the weak hydrophobic interactions
between the long alkyl chains of PDI-C6 and Pg,. The distance
between the molecules of PDI-C6 and the surface of Py, is
large, so the fluorescence quenching is less efficient.

B CONCLUSION

We have successfully synthesized PDI-modified CH;NH;PbBr;
perovskite NPs for the first time. The resulted NPs can be
dispersed in organic solvents. The dispersion can keep stable
for several days. The anchored PDI molecules can quench the
emission of CH;NH;PbBr; efficiently by photoinduced
electron transfer from perovskite to PDI. Further studies on
capping the surface of perovskite NPs with other organic dyes
are going on in our lab.
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