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Effective sensitizing components in so-called perovskite solar cells (PSC) are lead hexaiodide (PbI6
4−) salts of PbI6

4− (MeNH3
+)n

(n = 2∼4). Density-functional-theory-based molecular modeling (DFT/MM) of X-ray crystalline structure of PbI6
4−/MeNH3

+
salt (FOLLIB) verifies that the packing unit of FOLLIB has UV/Vis absorption spectrum at λmax = 424 nm, giving pale yellow
color as complementary color. DFT/MM of the horizontal component in the FOLLIB gives narrow energy gap of 0.3 eV, verifying
remarkable semiconducting property through tight alignments of PbI6

4− components coupled with MeNH3
+. DFT/MM of the

central PbI6
4−/MeNH3

+ components verifies that the central component has UV/Vis absorption spectra with respective λmax =
570 nm, λmax = 762 nm and λmax = 945 nm, and plays an essential role as panchromatic sensitizers. In addition, their equilibrium
geometric structures show slightly hypsochromic UV/Vis absorption spectra at respective λmax = 486 nm, λmax = 560 nm, and
λmax = 563 nm as results of migration of MeNH3

+ close to PbI6
4−. DFT/MM also verifies that PbI6

4− components align tightly
to nanocrystalline TiO2 (nc-TiO2) and to spiro-OMeTAD in PSC through electron density induced by van der Waals interaction.
Electron density-based alignments of PbI6

4− components well explain unidirectional and leakage-free electron diffusion leading to
high open-circuit voltage in PbI6

4−-aligned solar cells. At the same time, the semiconducting and panchromatic sensitizing layer of
PbI6

4−/MeNH3
+ components contribute to excellent short-circuit photocurrent of PbI6

4−-aligned solar cells.
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Miyasaka and his group reported the first lead halide-sensitizers
for photovoltaic cells, comprising the solid-state lead trihalides with
perovskite structures.1 Since then, the name “perovskite solar cell
(PSC)” has been introduced to most photovoltaic research and devel-
opments using methylammonium lead trihalides [MeNH3PbX3, (X
= I, Br, and Cl)] as sensitizing chemicals.2 On the other hand, it
was reported in 1987 that drop-wise addition of a concentrated aque-
ous solution of Pb(NO3)2 to an aqueous solution containing excess
MeNH3

+I− yields a black precipitate of MeNH3PbI3, and that the
solutions of MeNH3PbI3 gives pale yellow crystalline solid that is
composed of lead hexaiodide (PbI6

4−), MeNH3
+ and H2O.3 In addi-

tion, the crystalline structure was analyzed by X-ray crystallography
and the packing unit of the crystal is now coded as FOLLIB in Cam-
bridge Structural Data (CSD). We understand that lead hexaiodide
ion (PbI6

4−) are coordinated with methylammonium ion (MeNH3
+),

changed into dark colored components in polar solvent, and predict
that PbI6

4− should play an essential role in efficient and effective
molecular-structuring in perovskite-type solar cells, e.g., nanocry-
talline TiO2 (nc-TiO2)/MeNH3PbI3/spiro-OMeTAD-based PSC. Our
density-functional-theory-based molecular modeling (DFT/MM) ver-
ifies essential roles of molecular alignment of PbI6

4− components in
electronic and photonic properties, i.e., high electron diffusion and
diffusion length4 and panchromatic light harvesting characteristics
toward so-called PSC, i.e., PbI6

4−-aligned solar cells.

Computational Methods

We perform DFT-based molecular modeling (DFT/MM), equiv-
alent to the quantum mechanics/molecular mechanics (QM/MM)
method, by using the B3LYP exchange-correlation functional and
the 6–31G(d) basis set with Spartan’14 (Wavefunction, Inc. Irvine,
CA). We investigate theoretical models of PbI6

4−-aligned components
by evaluating possible equilibrium states based on total energies (E),

zE-mail: yanagida@mls.eng.osaka-u.ac.jp

heats of formation (�E), electron energy structures and configurations
of HOMO and LUMO, HOMO-LUMO energy gap, UV/Vis spectra,
dipole moment and electronic charge of the components. To visualize
their van der Waals and coulomb interactions, electron density struc-
ture, Mulliken charge, and electrostatic potential map are examined.
We also focus on the distances between Pb and nitrogen atoms in the
vicinity of MeNH3

+. DFT/MM data are summarized in supplementary
materials. The crystal geometry of FOLLIB is also shown in Fig. 1,
which was obtained by the geometry optimization with the Vienna
Ab-initio Simulation Package (VASP) code,5 in which the lattice con-
stants were fixed to the experimental values.3 Details of the VASP
calculation is described in supplementary materials.

Results and Discussion

Energy structure analysis for verification of semiconducting
property of the MeNH3PbI3 –aligned layer in so-called PSC.—
As we reported6 in the previous theoretical study of electron mo-
bility of tetramethylammonium pentaiodide and pentaiodide-based
electrolytes in dye-sensitized solar cells, DFT-based single point cal-
culations on the whole packing unit of the pale yellow PbI6

4− crystal
(FOLLIB) are carried out. The 3D molecular structures of FOLLIB
(space filling model with C60 model, electrostatic potential map in
unit of kJ/mol, the VASP-optimized crystal structure, and Mulliken
charge on ball and wire structure) are shown in Fig. 1.

All the 3D models show that the packing unit of FOLLIB is fully
occupied by large 9 lead hexaiodide (PbI6

4−), one of which forms
a central core unit with symmetrical three types of MeNH3

+ com-
ponents, i.e., [(MeNH3

+)2-H2O]2, [MeNH3
+-H2O]2, and [MeNH3

+]2

(see Figure S1, Tables S1). The Mulliken charge and the electrostatic
potential map visualize molecular orbital-based van der Waals and
coulomb interactions (vdW&Clb) in the pale yellow PbI6

4− salt with
MeNH3

+ and H2O.
The molecular orbital energy structure analysis reveals that HOMO

locates on the central PbI6
4− ion, and the almost degenerate LUMO

and LUMO(+1)∼LUMO(+9) on peripheral PbI6
4− ions (Fig. 2).
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Space filling model

7.100 Å

C60

FOLLIB Mulliken charge on ball and wire structure

Electrostatic potential map

Charge=-28 VASP-optimized structure

Figure 1. Space filling structure, electrostatic potential map, VASP-optimized structure and Mulliken charge of the packing unit(FOLLIB):
{[(PbI6)4−]9}36−&{[(MeNH3

+)2-H2O]2}4+&{[MeNH3
+-H2O]2[MeNH3

+]2}}4+.

Interestingly, the energy gaps between them are small, for example, the
energy difference between LUMO and LUMO(+1) (not distinguish-
able in the energy level diagram) is 0.01 eV, demonstrating that FOL-
LIB with the minimum unit of PbI6

4−-aligned salt become intrinsically
semiconducting at a negatively biased electron-transporting state.

For further confirmation of the semiconducting property,2

DFT/MM of radical anion of [FOLLIB].- is carried out (Fig. S2).
The molecular orbitals, aHOMO (or singly occupied molecular or-

bital (SOMO)) and aLUMO, give narrow energy gap (0.17 eV) and
spin density locates on peripheral PbI6

4− units. The spin density map
indicates distribution of the spin density on the whole structure of
FOLLIB. In addition, configuration of aHOMO and aLUMO are iden-
tical with those of LUMO(0) and the second LUMO (LUMO(+1)) in
FOLLIB (the stationary state, see Fig. 2).

To deepen understanding on the semiconducting property induced
by the linear alignment of PbI6

4− in terms of the computed electronic

Figure 2. molecular orbital energy structure of the packing unit FOLLIB: {[(PbI6)4−]9}36−&{[(MeNH3
+)2-H2O]2}4+&{[MeNH3

+-H2O]2[MeNH3
+]2}}4+.
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E(kcal/mol LUMO(eV)  HOMO(eV) Energy gap(eV) LUMO(+1)(eV) charge

-1706.96 3.67 3.37 0.3*1 3.7 +4

*1 HOMO->LUMO, λmax = 14892 nm (f = 0.0026), HOMO->LUMO 56%

LUMO(0)

HOMO(0)

LUMO(+1)

HOMO(+1)
Electrostatic potential map

Mulliken chargeDensity(DFT-based structure)

Energy 
gap=0.3eV

Figure 3. Molecular orbital energy structure of oblique plain unit in FOLLIB: [(PbI6) 4−&((MeNH3
+)2-H2O)2 (MeNH3

+-H2O)2&(MeNH3
+)2/(PbI6)4−]2]4−.

structure, the oblique plain unit in FOLLIB, [(PbI6
4−)3, ((MeNH3

+)2-
H2O)2& (MeNH3

+-H2O)2&(MeNH3
+)2]4− is analyzed as well

(Fig. 3 and Table S1).
The density structure suggests that three PbI6

4− ions align tightly
via vdW&Clb and the plus 4 charge distributes over whole of the ion,
while negative charge locates on the peripheral PbI6

4− and positive
charge on the central one (quantitatively, see the Mulliken charge).
Surprisingly, the HOMO-LUMO energy gap is calculated to be 0.3
eV. In addition, HOMO locates on PbI6

4− and LUMO on MeNH3
+,

which are almost degenerate, and the energy gap between LUMO(0)
and LUMO(+) is 0.03 eV.

Thus, we confirm that DFT/MM-based energy and configuration
analysis for LUMO and second LUMO(+) is a measure for semi-

conducting electron diffusion property.6–8 Accordingly, DFT/MM of
FOLLIB predicts that PbI6

4− will align tightly via vdW&Clb, giving
excellent semiconducting electron diffusion path over the whole of
the PbI6

4−-aligned layers of PSC, as found for polyiodide electrolytes
in dye-sensitized solar cells.9

Verification of PbI6
4−/MeNH3

+ components as dark col-
ored (panchromatic) sensitizers.—DFT/MM-based UV/Vis spec-
trum analysis predicts that FOLLIB has UV/Vis absorption maximum
at λmax = 424 nm (intensity of 0.00315; see Fig. 4), which is consis-
tent with the energy gap of 3.0 eV. Pale yellow color of the crystalline
salt is complementary color of the absorption at λmax = 424 nm

Gaussian FWHH= 0

 Gaussian FWHH=40 

λmax = 424 nm (0.00315)

Figure 4. DFT-based UV/Vis spectrum of FOLLIB.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 133.13.161.125Downloaded on 2018-11-14 to IP 

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 164 (11) E3598-E3605 (2017) E3601

MeNH3
+-H2O

(MeNH3
+)2-H2O

MeNH3
+

MeNH3
+

MeNH3
+-H2O

(MeNH3
+)2-H2O

Pb-N(Å)=4.572, 5.055 
I-N(Å) =3.511, 3.647, 
3.893, 4.032

Pb-N(Å)= 5.035 
I-N(Å) =3.728, 3.914,

Pb-N(Å)=4.590 
I-N(Å) =3.672, 3.717, 
4.037

Figure 5. Structure of [(MeNH3+)2-H2O]2&[MeNH3
+-H2O]2&[MeNH3

+]2
&PbI6

4− in the central core unit of FOLLIB.

(Fig. 4). We apply the reliable DFT/MM-based UV/Vis spectrum
analysis to modeling of other PbI6

4−/MeNH3
+ salts.

The pale yellow salt (PbI6
4−&MeNH3&H2O) is soluble in polar

solvent, forming dark color solution.3 In order to predict structures of
red-, green- or blue-colored PbI6

4−/MeNH3
+ salts, we use DFT/MM

to elucidate the effects of the PbI6
4−/MeNH3

+ pairs in the core unit
of FOLLIB. Careful examination reveals that PbI6

4− is surrounded by
the outermost [MeNH3

+] (the Pb-N interatomic distance (d(Pb-N))
= 5.035Å), the intermediate [(MeNH3

+)2-H2O] (d(Pb-N) = 5.055,
4.572Å), and the innermost [MeNH3

+-H2O] (d(Pb-N) = 4.590Å).
The iodine-ammonium (I-N) interatomic distances in all the MeNH3

+

species range from 3.5 to 4.1 Å (Fig. 5).

The central core unit, PbI6
4−, and PbI6

4− components sur-
rounded symmetrically by [(MeNH3

+)2-H2O]2, [MeNH3
+-H2O]2, or

[MeNH3
+]2 are modeled with DFT/MM for UV/Vis absorption spec-

tra (Table I).
All of the formation energies (�E) are negative, suggesting that

the examined salt ions are all thermodynamically stable. The en-
ergy structures of LUMO(0) and LUMO(+1), with their small energy
difference, predict that all of the salts should have semiconducting
electron diffusion property under a negatively biased condition. As
for the UV/Vis spectra, however, the PbI6

4− salts with the inner-
most [MeNH3

+-H2O] results in blue-shifted λmax that ranges from
269nm to 309nm. On the other hand, the PbI6

4− salts with the outer-
most [MeNH3

+], or intermediate [(MeNH3
+)2-H2O] gives red-shifted

λmax, indicating that when MeNH3
+ locates far enough from PbI6

4−,
the salt ions will give red-shifted UV/Vis absorption spectra.

The interatomic distance between Pb atom of PbI6
4− and N atom in

the outermost Me-NH3
+ is optimized by stepwise DFT/MM of water-

free [MeNH3
+I−] (Fig. S10) and water-free [PbI6

4−&MeNH3
+] (Fig.

S11). The iodine-ammonium nitrogen (I-N) distance of 3.184 Å
and the lead-ammonium (Pb-N) distance of 6.414 Å are obtained.
Based on the bond distance in [PbI6

4−&MeNH3
+], unsymmetrical di-

ammonium-salt SPE-1[PbI6
4−&(MeNH3

+)2] (Fig. S12), symmetrical
di-ammonium-salt SPE-2[PbI6

4−&(MeNH3
+)2] (Fig. S13), symmet-

rical tri-ammonium-salt, SPE[PbI6
4−&(MeNH3

+)3] (Fig. S14), and
symmetrical tetra-ammonium salt SPE[PbI6

4−&(MeNH3
+)4]0 (Fig.

S15) are molecularly modeled by single point energy (SPE) calcu-
lation of their molecular-mechanics-optimized (MMFF) structures
(Table S3).

The interatomic distances between lead atom of PbI6
4− and ni-

trogen atom of MeNH3
+ range from 6.043 to 6.387 Å for all of the

calculated PbI6
4− salts. The Pb-N distances are about 1 Å longer

than those of the components in FOLLIB. DFT/MM-based UV/Vis

Table I. Energy structures of MeNH3
+ -aligned PbI6

4− units in the core of FOLLIB.

PbI6
4−/MeNH3

+ salts in
FOLLIB core components

�E
(kcal/mol) Pb-N (Å)

LUMO
(eV)

LUMO(+1)
(eV)

HOMO
(eV)

Energy
gap (eV)

λmax (nm) (intensity)
Allowed transition (%)

λ (nm) (Intensity)
HOMO-LUMO contribution Ref.

[center core unit] 4+ −727.53 4.572
4.590
5.035
5.055

−8.67 −8.6
−13.74

5.07
(245 nm)

269.35(0.0954)
HOMO→LUMO(+1) 94%

278.44(0.0692)
HOMO→LUMO 94%

Fig. S2

SPE PbI6
4− — — 12.61 12.7 7.26 5.35

(231 nm)
260.74(0.1036)

HOMO→LUMO 89%
Fig. S3

[PbI6
4−&((MeNH3

+)2
-H2O)2&(MeNH3

+-H2O)2]2+
−912.47 4.572

4.590
5.055

−4.53 4.5 −9.37 4.84
(256 nm)

263.63(0.1101)
HOMO→LUMO 100%

Fig. S4

[PbI6
4−&(MeNH3

+
-H2O)2&(MeNH3

+)2]
−761.03 4.590

5.035
0.08 0.1 −3.66 3.74

(332 nm)
346.12(0.0035)

HOMO(−1)→LUMO(+1)
84% 380.99(0.000)

HOMO→LUMO 99%

Fig. S5

[PbI6
4−&(MeNH3

+ -H2O)2] 2− −545.99 4.590 5.7 5.7 1.17 4.53
(274 nm)

309.26(0.0136)
HOMO→LUMO(+1) 85%

309.17(0.0003)
HOMO→LUMO 85%

Fig. S6

[PbI6
4−&((MeNH3

+)2
-H2O)2&(MeNH3

+)2] 2+
−810.2 4.572

5.035
5.055

5.48 5.5 5.04 0.44
(2818 nm)

2349.67(0.0284)
HOMO(−1)→LUMO 62%

2683.48(0.000)
HOMO→LUMO 23%

Fig. S7

[PbI6
4−&((MeNH3

+)2 -H2O)2] −776.93 4.572
5.055

−0.79 −0.8 −3.69 2.9
(428 nm)

417.25(0.0218)
HOMO(−3)→LUMO(+1)

63% 505.10(0.000)
HOMO→LUMO 100%

Fig. S8

[PbI6
4−&((MeNH3

+)2] 2− −481.85 5.035 4.35 4.4 1.58 2.77
(448 nm)

456.13(0.0109)
HOMO(−1)→LUMO(+1)

86% 540.62(0.000)
HOMO→LUMO 100%

Fig. S9
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Pb-N=6.195 Å3.001 Å

Pb-N=6.345 Å

Pb-N=6.387 Å 3.192 Å

3.114 Å

λmax = 945 nm (0.0507)
λ = 864 nm (0.00017)

E=-428.25kcal/mol

[PbI6
4-&(MeNH3

+)2]2-

λmax = 761 nm (0.0345),

λ = 731 nm (0.0301)

E= -578.22kcal/mol

[PbI6
4-&(MeNH3

+)3]
-

Pb-N=6.387 Å Pb-N=6.345 Å

Pb-N=6.353 Å

Pb-N=6.387Å

3.192 Å
3.114 Å

3.192 Å

3.129 Å

λ = 530 nm (0.024)

λmax = 570 nm (0.0295)

E=-685.73kcal/mol

[PbI6
4-&(MeNH3

+)4]
0

Figure 6. UV/Vis spectra calculated by single point DFT/MM of H2O-free symmetrical PbI6
4−&MeNH3

+ salts.

spectra of SPE[PbI6
4−&(MeNH3

+)2],2 SPE[PbI6
4−&(MeNH3

+)3]−,
and SPE[PbI6

4−&(MeNH3
+)4]0, are shown in Figure 6. Interestingly,

UV/Vis absorption spectra have the absorption maxima (λmax) that
range from visible region to near infrared region.

Given the high absorption intensity of 0.02∼0.05 at λmax,
molecular components of SPE[PbI6

4−&(MeNH3
+)3]−and

SPE[PbI6
4−&(MeNH3

+)4]0 will give dark green and dark blue
color, respectively as complementary color. Accordingly, we propose
that water-free PbI6

4−&MeNH3 molecular components should work
panchromatic molecularly-layered sensitizers, i.e., quantum dot
sensitizers.

Figure 7 shows UV/Vis spectra of three equilibrium ge-
ometry (EQG)-based stabilized [PbI6

4−&(MeNH3
+)4]0. EQG-

1[PbI6
4−(MeNH3

+)4]0 (�E = −697.37 kcal/mol), where the ionic
configurations in all of MeNH3

+ are frozen, gives an absorption of
λmax = 486 nm (intensity: 0.0278), while SPE[PbI6

4−(MeNH3
+)4]0

(�E = −685.73 kcal/mol) an absorption of λmax = 570 nm
(intensity: 0.029) (Fig. 6). Further, EQG-2[PbI6

4−(MeNH3
+)4]0 (�E

= −728.28 kcal/mol), with the ions in one MeNH3
+ allowed to relax,

results in blue-shift of λmax = 429 nm (intensity: 0.0318). In this
case, the distance Pb-N at unfrozen MeNH3

+ becomes shorter
(4.641 Å) than that in EQG-1. In addition, EQG-
3[PbI6

4−(MeNH3
+)4]0 (�E = −797.27 kcal/mol), where all

MeNH3
+ ions are unfrozen, gives the most blue-shifted absorption of

λ = 280nm (intensity: 0.0318). The Pb-N bond distances are short-
ened in EQG-3, ranging from 4.086 to 4.161 Å. The configuration
of HOMO and LUMO locate on PbI6

4−, which are comparable to
those of PbI6

4− in FOLLIB that has the blue-shifted λmax = 261 nm
(intensity: 0.104) (Fig. S3).

PSC researchers often observe color change from black to yellow-
ish red of PSC devices. The gradual color change was also reported
under high temperature conditions.10 Recently, it was reported that
PbI6

4− has a tendency to be stabilized by the change in geometri-

cal configuration of MeNH3
+ in the crystal.11 The above-mentioned

DFT-based spectral modeling will explain the changes in color and
chemical structures.

Verification of tight PbI6
4−-alignments on nc-TiO2.—The most

remarkable characteristic of so-called perovskite solar cells is their
high open-circuit voltage (Voc = ∼1 eV). In the case of PSC de-
vices composed of nc-TiO2/PbI6(MeNH3)4/spiro-OMeTAD, PbI6

4−-
components must be aligned tightly at the interface of nc-TiO2 and
spiro-OMeTAD molecular layers through van der Waals and coulomb
interactions (vdW&Clb). The tight alignments of PbI6

4− should also
enhance short-circuit photocurrent (Jsc; ∼20 mA/cm2) and fill fac-
tor, leading to excellent performance of the PSC devices. In other
words, unidirectional electron diffusion occurs both on nc-TiO2 and
on spiro-OMeTAD layers in the PSC devices, minimizing resistance
loss in photoelectron energy conversion processes. Taking into ac-
count the enhanced van der Waals and coulomb interactions between
the PbI6

4−-components, we apply DFT/MM to verify their electron
density-based interactions with Yamashita-Jono anatase TiO2 model
of [(OH)Ti9O19H] (Figs. S19 and S20).

DFT/MM of PbI6
4−-aligned nc-TiO2 interface of

[(OHTi9O18H)//Pb(II)I6
4−] is performed by placing Pb(II)I6

4−

in the van der Waals distances from Yamashita-Jono anatase TiO2

model of [(OH)Ti9O19H]8 by taking into account the positive
potential at central part of electrostatic potential map of [OHTi9O18H]
(Figs. S19 and S21). Interestingly, the small HOMO-LUMO energy
gap of 0.33 eV in the interface model of [(OHTi9O18H)//Pb(II)I6

4−]
and the energy gap between LUMO(+) and LUMO(0) of 0.07 eV
corroborates high electron diffusion at interfaces between nc-TiO2

and Pb(II)I6
4−.

Further, neutral PbI6
4−-aligned nc-TiO2 interface modeling of

(OH)Ti9O19H//(MeNH3
+)4//Pb(II)I6

4− is carried out by introducing
four molecules of MeNH3

+ to hydrogen-bond to the above-mentioned
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λmax = 486 (0.0278)

λ =  462 (0.0214)

6.353 Å
6.387 Å

6.345 Å
6.353 Å

EQG-based Modeling where all MeNH3
+are frozen.  

4.641 Å

6.387 Å

6.345 Å

6.345 Å
λmax = 429 (0.0318)

λ =  456 (0.0043)

EQG-based Modeling where one MeNH3
+ is unfrozen.

4.129 Å

4.086 Å

4.161 Å

4.098Å

E= -797.27kcal/mol

λmax = 280 nm (0.144),

Molecular modeling of the SPE-based structure where all  MeNH3
+  are unfrozen.

Non-frozen

E= -728.28kcal/mol

E= -697.37kcal/mol

EQG-1[PbI6
4-(MeNH3

+)4 ]
0

EQG-2[PbI6
4-(MeNH3

+)4 ]
0

EQG-3[PbI6
4-(MeNH3

+)4 ]
0

Figure 7. UV/Vis spectra obtained from equilibrium geometry (EQG) of SPE[PbI6
4−&(MeNH3

+)4]0.

Figure 8. Molecular modeling scheme of single point energy calculations for an interface model [nc-TiO2&(MeNH3)4&PbI6
4−] and energy structure analyses.
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Name E(kcal/mol LUMO(eV) HOMO(eV) Energy gap(eV) LUMO(+1) 
(eV) 

Charge

[PbI6
4-//spiro-OMeTAD] -57.69 4.88 4.7 0.18 5.0 0.78, -4 

HOMO

LUMO

Pb-N(Å )=8.568  

Density(DFT-based structure)

Electrostatic potential map

Dipole 56.48debye (arrow)

Figure 9. Molecular modeling of an interface of spiro-OMeTAD, Pb(II)I6
4−&spiro-OMeTAD.

model of (OH)Ti9O18H//PbI6
4− (Fig. 8, Fig. S22). The configurations

of HOMO and LUMO are similar, and the HOMO-LUMO energy
gap of 0.36 eV and the small energy gap between LUMO(+) and
LUMO(0) of 0.06 eV are also found.

It is worth noting that, during the stepwise molecular modeling, the
indication of a hydrogen bond between the neighboring OH and NH3

+

group disappear, which may be ascribed to the change in the bond dis-
tance either larger than 2.2 Å or shorter than 1.7 Å. The electron
density-based tight interaction of PbI6

4− constitutes the molecular in-
terface with nc-TiO2, in which a non-covalent interaction is involved,
with the narrow energy gap. The narrow energy gap indicates high
electron diffusion at the interface between PbI6

4− and nc-TiO2.
The energy structures of (OH)Ti9O19H and its radical anion,

[(OH)Ti9O19H].− reveals that the energy gap of 0.43 eV between
LUMO and LUMO(+) of [OHTi9O19H] (Fig. S19) and the energy
gap of 0.83 eV of the radical anion (Fig. S20) are very narrow, which
validates high electron diffusion at electron accepted state of nc-TiO2

(Table S4).

Verification of Tight PbI6
4−-alignments on spiro-OMeTAD.—Re-

cently, highly disordered amorphous-state spiro-OMeTAD was found
to crystallize and remarkably enhance charge-carrier transport via
molecular alignment in thin spiro-OMeTAD layers, and their origin
was discussed in view of electronic structure calculations.12 DFT/MM
of spiro-OMeTAD using Spartan verifies the excellent charge trans-
port, and predicts crystallization of the standing spiro-OMeTAD. The
charge transport, i.e., electron diffusion is validated by the small en-
ergy gap between LUMO(0) and LUMO(+) of the neutral spiro-
OMeTAD (Fig. S23) and by the energy gap (0.64 eV) of the electron-
accepted-state spiro-OMeTAD (Table S4, Fig. S24). The degenerate
HOMO and LUMO of spiro-OMeTAD suggests molecular alignment
through three-dimensional interactions between the HOMO and the
LUMO, and crystallization (Fig. S23).

The tight interaction of PbI6
4− with charge-transporting spiro-

OMeTAD is verified on the basis of DFT/MM of PbI6
4−-aligned spiro-

OMeTAD; [PbI6
4−//spiro-OMeTAD] (Fig. 9). DFT/MM is carried out

after introducing PbI6
4− at the van der Waals distance from the center

of spiro-OMeTAD. Configurations of LUMO and HOMO is identical,
resulting in narrow energy gap of 0.18 eV, and the electron density
structure, Mulliken charge and electrostatic potential map verifies that
the interface layer become non-covalently bonded, and unidirectional
electron diffusion should occur via electron density at the interface.

Conclusions

DFT/MM of nc-TiO2/MeNH3PbI3/spiro-OMeTAD-based PSC
verifies that Pb(II)I6

4− ions play an essential role in providing panchro-
matic sensitizer and excellent electron diffusive interface structures at
nc-TiO2 layers on anodes and at spiro-OMeTAD layers on cathodes
of the PSC. The neutral [PbI6

4−&(MeNH3
+)4] salt and the negatively

charged ion [PbI6
4−&(MeNH3

+)3] are verified to have strong UV/Vis
absorption at λmax = 570 nm and 760 nm, respectively. In addition,
both the species will become semi-conducting at electron-accepted
state, i.e., under negatively biased working conditions. The alignment
of PbI6

4− in so-called PSC devices is visualized using electrostatic po-
tential maps of PbI6

4− components, in which the PbI6
4−–CH3NH2

+

complexes are arranged via the non-covalent electrostatic and van der
Waals attraction between the electron distributions at the sites of the
complexes, with their electrostatic potentials identically ranging from
−200 to 200 kJ/mol (−2 to 2 eV) (Fig. 10).

Panchromatic sensitizer of (MeNH3
+)4//PbI6

4− as quantum dots
are sandwiched by nc-TiO2//[(MeNH3

+)4Pb(II)I6
4−] on anodes and

the (MeNH3
+)4-covered interface of (MeNH3

+)4//PbI6
4− //spiro-

OMeTAD, rationalizing that photo-electron produces effectively on
quantum dots, (MeNH3

+)4//PbI6
4− and electron transport should

occur unidirectionally at both semiconducting nc-TiO2 and spiro-
OMeTAD layers under panchromatic light irradiance. DFT/MM veri-
fies excellent perovskite solar cells as PbI6

4−-quantum dot solar cells
rather than a model p-i-n diode solar cell.13 The long-term stability
issues may concern gradual structural change of the salt-like quantum
dots.
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Figure 10. Electrostatic-potential based PbI6
4− alignment in nc-TiO2 /MeNH3 PbI3/spiro-OMeTAD-based PSC.
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