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General and Synthesis 

All chemicals and solvents were purchased from commercial sources and used as received. Cy7I and Cy7PF6 (the 

PF6
- salt of the cyanine cation) were synthesized according to the literature.1,2 Crystallization reactions were carried 

out at room temperature and without the exclusion of atmospheric moisture or oxygen. 

Simultaneous differential scanning calorimetry (DSC), thermogravimetry (TGA) measurements and mass 

spectrometry (MS) of the evolved gas were performed using a Netzsch STA 449 F3 Jupiter apparatus connected to a 

Netzsch QMS 403 C Aëolos mass spectrometer. Samples of ca. 6 mg were loaded into Al sample pans and heated at 

ΔT/Δt = 5 Kmin-1 between -100 and 300°C under He flow at 80 ml min-1. The evolved gas was transported to the 

mass spectrometer through heated tubing and analyzed for selected mass/charge (m/z) ratios. 

Infrared (IR) spectroscopy was carried out on a Bruker TENSOR 27 FT-IR spectrometer; relative peak intensities are 

noted as s (strong), m (medium) or w (weak).  

Elemental analysis data were obtained by the micro-laboratory of ETH Zurich. The determination of the elements C, 

H, N and O was carried out with instruments of the company LECO. 
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Synthesis of Cy7PbI3. A solution of Cy7I (2-[2-[2-chloro-3-[2-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-

ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-1-ethyl-3,3-dimethyl-3H-indolium iodide, 77.1 mg, 0.121 mmol, 

1.15 eq) in acetone (16 ml) was added to a solution of PbI2 (48.4 mg, 0.105 mmol, 1.00 eq) and NaI (23.7 mg, 0.158 

mmol, 1.50 eq) in a tall vial. The resulting dark green solution was sonicated for 5 min. Then it was carefully layered 

with diethyl ether (10 ml) and the vial was closed with a snap cap. After seven days at room temperature the 

precipitate was filtered, washed with acetone and dried in air to afford Cy7PbI3 (C34H40ClN2PbI3) as a green-gold 

colored microcrystalline powder (107 mg, 0.097 mmol, 93% yield). d.p. 244 °C. 

IR (cm-1): 3074w, 2969w, 2921w, 2864w, 1612m, 1596m, 1577m, 1549m, 1519m, 1501s, 1473s, 1451m, 1427m, 

1416m, 1390m, 1365s, 1342s, 1312m, 1284m, 1250m, 1233m, 1216m, 1165m, 1150s, 1121s, 1104s, 1088m, 1059s, 

1033s, 1007s, 946m, 922s, 908s, 862s, 827s, 803s, 769s, 748s, 715s, 694m, 676s, 639m, 627m, 613m. 13C / ppm 

(100.6 MHz, MAS spinning rate 10’000 Hz): 173.8, 167.9, 145.1, 143.6, 141.4, 140.7, 140.0, 139.1, 137.1, 132.3, 

131.1, 130.4, 130.0, 129.2, 127.7, 125.5, 123.7, 112.1, 107.1, 98.3, 50.0, 48.2, 44.9, 37.5, 29.8, 28.6, 27.1, 24.9, 22.5, 

13.3, 10.7.  

Elemental analysis (calcd., found for C34H40ClN2PbI3): C (37.12%, 37.11%), H (3.66%, 3.68%), N (2.55%, 2.63%). 

Synthesis of Cy7PbI3·2DMF. A dark green solution of Cy7I (229.0 mg, 0.358 mmol, 1.10 eq), PbI2 (151.3 mg, 

0.328 mmol, 1.00 eq) and NaI (49.0 mg, 0.327 mmol, 1.00 eq) in DMF (8 ml) in a 50 ml round bottom flask was 

covered with Parafilm, which was perforated several times with a needle. After ten days at room temperature, the 

formed crystals were filtered to give Cy7PbI3·2DMF as orange-gold colored microcrystalline needles (246.0 mg, 

0.197 mmol, 60% yield). IR (cm-1): 3456m, 3044w, 2970m, 2921m, 2865m, 1662s, 1578w, 1548m, 1502m, 1474w, 

1454m, 1426m, 1412m, 1388s, 1364s, 1312m, 1285w, 1251m, 1234m, 1216m, 1165s, 1151s, 1099s, 1057s, 1030s, 

1010s, 954m, 911s, 861s, 829s, 803s, 767s, 756s, 714s, 678s, 658s, 627s. 

The freshly filtered product Cy7PbI3·2DMF was directly used for analysis by powder XRD, solid state NMR, 

simultaneous DSC-TGA-MS measurements, IR and diffuse reflectance spectroscopy of Cy7PbI3·2DMF. The 

positions of reflections observed in the experimental powder XRD diffractogram of the freshly filtered product 

agreed with the simulated powder pattern of Cy7PbI3·2DMF (Fig. S2) derived from the single crystal structure 

analysis. After keeping the powder for 8 hours in air at room temperature, Cy7PbI3·2DMF was found to show a 

powder diffraction pattern identical to that of the solvent-free Cy7PbI3 on powder XRD. Simultaneous DSC-TGA-

MS of freshly filtered Cy7PbI3·2DMF revealed that the release of DMF occurs between -10 and 80°C (Fig. S3). 

Single crystal X-ray structure determination 

Allowing a solution containing PbI2 (67 mM) and Cy7I (134 mM) in DMF to stand for 14 days at room temperature 

in a vial closed with a screw cap yielded Cy7PbI3·2DMF as matted hair-like needles.3 One of these was cut and 

selected for low-temperature data collection on an Agilent Technologies SuperNova area-detector diffractometer 

using Cu K radiation ( = 1.54184 Å) from a micro-focus X-ray source and an Oxford Instruments Cryojet XL 

cooler. An empirical absorption correction using spherical harmonics was applied.4 The structure was solved by dual 

space methods using SHELXT-2014.5 The non-hydrogen atoms were refined anisotropically. All of the H-atoms were 

placed in geometrically calculated positions and refined by using a riding model where each H-atom was assigned a 



 S3 

fixed isotropic displacement parameter with a value equal to 1.2Ueq of its parent atom (1.5Ueq for the methyl groups). 

Structure refinement was carried out on F2 by using full-matrix least-squares procedures as implemented in the 

SHELXL-2014 program.6 The asymmetric unit contains one organic cation, one PbI3
– fragment of a [PbI3

–]n chain 

and two DMF molecules. The DMF molecules could be somewhat disordered, but disorder modeling was unfruitful. 

A test refinement using the SQUEEZE procedure of PLATON7 to account for the solvent, instead of modeling these 

molecules, did not yield significantly improved results, so the solvent molecules were retained in the final refinement 

model. The available crystals were extremely thin needles, and even then, the chosen crystal was not a perfect single 

crystal. The reconstructed synthetic precession images showed there was at least one other set of reflections from 

another crystal orientation. However, these reflections could be ignored without unduly affecting the quality of the 

used reflection data. The size of the crystal necessitated the use of Cu K radiation to gain sufficient diffraction 

intensity, despite the presence of Pb- and I-atoms, but again, after absorption corrections, this did not unduly affect 

the quality of the data. The data collection and refinement parameters are listed in Table S1 and full data are in the 

deposited CIF; CCDC-1537685 can be obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/structures. 
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Table S1.  Crystallographic Data 

 

Crystallized from DMF  

Empirical formula C40H54ClI3N4O2Pb  

Formula weight (g mol-1) 1246.21  

Crystal color, habit green, needle  

Crystal dimensions (mm) 0.02  0.03  0.12  

Temperature (K) 160(1)  

Crystal system monoclinic  

Space group P21/c   

Z 4  

Unit cell parameters a (Å) 16.3649(7)  

 b (Å) 33.5729(10)  

 c (Å) 8.0898(3)  

 , ,  (°) 90, 97.210(4), 90  

 V (Å3) 4409.5(3)  

F(000) 2384  

Dx (g cm-3) 1.877  

(Cu K) (mm-1) 24.771  

Scan type   

2(max) (°) 155.0  

Transmission factors (min; max) 0.469; 1.000  

Total reflections measured 45548  

Symmetry independent reflections 9174  

Rint 0.101  

Reflections with I > 2(I) 7351  

Reflections used in refinement 9174  

Parameters refined 470  

R(F) [I > 2(I) reflections] 0.0519  

wR(F2) (all data) 0.1324  

Weights: w = [2(Fo
2) + (0.0456P)2 + 23.44P]-1 where P = (Fo

2 + 2Fc
2)/3  

Goodness of fit 1.054  

Final max/ 0.001  

 (max; min) (e Å-3) 1.67; -1.50  

Powder X-ray Diffraction 

PXRD patterns were obtained as a –2 scan in reflection mode on a PANalytical X’Pert PRO instrument equipped 

with a germanium monochromator selecting Cu–K1 radiation,  = 1.5406 Å. The scattered intensities were recorded 

using a position-sensitive 1D detector (PANalytical X’Celerator). The detected count rate stayed in the linearity 

range of the detector. Diffraction patterns were recorded between 3 and 40° (2) with an angular step interval of 

0.017°. Even after grinding, Cy7PbI3 and Cy7PbI3·2DMF were fine fiber-like needles that tended to stick together 

and made it difficult to obtain a uniform sample height on the sample discs. Consequently, there are small zero point 
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offsets in the diffraction patterns shown in Fig. 2, most noticeable in Fig. 2c and e. For comparison, the powder 

diffractogram of Cy7PbI3·2DMF was simulated from the single crystal structure using Mercury 3.6.8 

UV-Visible-NIR Diffuse Reflectance Spectroscopy 

To prepare the sample, the indicated compound (Cy7I, Cy7PbI3, or Cy7PbI3·2DMF, 10–13 mg) was thoroughly 

mixed with BaSO4 (4.1–4.2 g) using a mortar and pestle. The powder was pressed by hand into a > 3 mm thick pellet 

using a plunger. Special care was given to avoid loss of DMF from Cy7PbI3·2DMF by using fresh crystals from 

solution and minimizing the time of sample preparation. Diffuse reflectance spectra of the sample (RS) and of pure 

BaSO4 (R0) were recorded on a Shimadzu UV-3600 spectrophotometer equipped with an integrating sphere using a 

Spectralon® SRS-99-010 reflection standard for baseline acquisition. In the range from 400 to 900 nm, the 

reflectance of pure BaSO4 was 99–100%. The corrected reflectance 𝑅’ was calculated as 𝑅’ =
𝑅𝑆

𝑅0
. Assuming that the 

scattering coefficient of BaSO4 is wavelength independent in the measured range and given the fact that high 

dilutions of the indicated compound in BaSO4 were used, the absorption coefficient (Abs) is approximately 

proportional to the Kubelka–Munk remission function:9 𝐴𝑏𝑠~
(1−𝑅’)2

2 𝑅’
.  

Steady state photoluminescence spectroscopy 

A Fluorolog iHR 320 Horiba Jobin Yvon spectrofluorimeter equipped with an InGaAs detector cooled with liquid 

nitrogen was used to acquire steady state PL spectra. The excitation wavelength was 808 nm provided by a diode 

laser directly illuminating the sample. The excitation was modulated by an optical chopper and the signal from the 

detector was recovered by a Stanford Research lock-in amplifier SR510.  

Solid-state NMR spectroscopy 

13C MAS NMR spectra of the compounds Cy7I, Cy7PbI3, and Cy7PbI3·2DMF showed peaks that can be associated 

with the 13C NMR signals of the cyanine cation in solution (Fig. S4 and S5). In the solid state, the C2v symmetry of 

the molecule is broken, which leads to a characteristic splitting of the resonances of up to 10 ppm in the solid state 

13C MAS NMR spectra (Fig. S4 b-d) compared to the13C NMR spectrum of Cy7I in solution (Fig. S4a). A similar 

splitting of 13C MAS NMR resonances of a per se symmetric molecule was described by Grossel et. al. for a dye 

crystallized in a herringbone structure.10 Generally, we observed surprisingly narrow resonances down to 30 Hz line 

widths in the 13C CP-MAS NMR spectra of all compounds. The 13C NMR spectra of samples Cy7PbI3 and Cy7PbI3 

(DMF solvate, after 24h in air) are almost identical (Fig. S5 a and d) and we observed no notable resonances from 

the DMF originally present. In the 13C MAS NMR spectrum of a freshly prepared sample of Cy7PbI3·2DMF, some 

extra resonances not attributable to the solvent were observed within the first 1.5 hours of recording time, whereas 

other signals showed considerably reduced relative intensities (Fig. S5 b). In the spectrum recorded from hours 2-8 

after sample preparation, the same resonances as in the spectrum of solvate-free Cy7PbI3 were observed (Fig. S5 c), 

confirming the fast loss of solvent from the Cy7PbI3·2DMF crystal. In the 13C-1H heteronuclear correlation NMR 

experiments of samples Cy7PF6 and Cy7PbI3, resonance separations of up to 2 ppm are observed in the 1H 

dimension (Fig. S6). Sample Cy7PF6 was used as a setup sample for the 13C MAS NMR experiments since we 

observed exceptionally narrow resonances for that material. 
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Experimental. 13C CP-MAS NMR spectra were obtained at 100.6 MHz on a Bruker Avance III 400 MHz 

spectrometer at ambient temperature using a 4 mm MAS probe operating at a spinning speed of 10 kHz. The MAS 

NMR spectrum of sample Cy7PbI3·2DMF was measured in a HRMAS NMR rotor enabling tight sealing; all other 

samples were packed into standard zirconia rotors. 1H/13C CP-MAS NMR experiments were performed using a 1H 

pulse of 3.9 s, 3 ms contact time, applying a ramp from 48 to 34 kHz on the 1H frequency for the cross polarization 

transfer, 64 kHz SPINAL-64 1H decoupling scheme during acquisition and a recycle delay of 3 s. 13C{1H} frequency 

switched Lee–Goldburg heteronuclear correlation experiments were performed under similar conditions with 64 kHz 

frequency switched Lee–Goldburg homodecoupling during the 1H evolution period, 100 μsec contact time and a 1.5 

s recycle delay.11 Chemical shifts () are reported relative to TMS, using adamantane as a secondary standard with  

1H =1.8 and  13C = 38.5 ppm, respectively. 

Density Functional calculations 

To investigate the density of state and optical properties of the hybrid cyanine-iodoplumbate crystal structure, 

Density Functional Theory (DFT) calculations were carried out as implemented in the Vienna Ab initio Simulation 

Package (VASP).12,13 The PBEsol exchange-correlation functional14 was employed setting the energy cutoff for the 

plane wave expansion to 600 eV and using a 2 x 1 x 4 Monkhorst-Pack grid of k-points for the full unit cell (420 

atoms). The convergence in total energy and Hellmann-Feynman forces was set to 1µeV and 0.01eV Å-1, 

respectively.  

The imaginary part ε2(ω) of the dielectric function ε(ω) is calculated using the standard formulation: 

𝜀2 =
𝑉𝑒2

2𝜋ℏ𝑚2𝜔2 ∫ 𝑑3𝐤 ∑ |⟨𝒌𝑛|𝐩|𝐤𝑛′⟩|2 × 𝑓(𝐤𝑛)(1 − 𝑓(𝐤𝑛′))𝛿(𝐸𝐤𝑛 − 𝐸𝐤𝑛′ − ℎ𝜔)𝑛,𝑛′ ,  (1) 

where   is the energy of the incident photon, p is the momentum operator ( /i)( x / ), ( nk ) is the electronic 

wave function, and f (kn) is the Fermi function. The real part ε1(ω) is related to ε2(ω) by the Kramers–Kronig 

transformation. The refractive index n(ω) and absorption coefficient I(ω) can be derived from ε1(ω) and ε2(ω) as 

follows:15 

2/)]()()([)( 2/1

1

2

2

2

1  ++=n ,  (2) 

1/2
2 2

1 2 1( ) 2 ( ) ( ) ( )I         = + −
  .  (3) 

The high absorption coefficient related to the chromophore absorption at about 920 nm (Fig. S7) is of the same order 

of magnitude as the one obtained from ellipsometry on amorphous Cy7 films.16 In the latter case, the bulky 

TRISPHAT counterion was chosen for its superior film forming properties. It has to be noted that the chromophore 

density in the hybrid crystal will certainly differ from the one in the amorphous film. 
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In Fig. S8, the partial charge density at the conduction and valence band is plotted as viewed along the c axis. The 

plot supports the fact that mainly I 5p orbitals from the iodoplumbate nanowires contribute to the valence band (Fig. 

S8b), while the conduction band consists of C 2p orbitals from the cyanine chromophore (Fig. S8a). A weak 

contribution of the carbon and iodine orbitals to the conduction and valence band, respectively, suggests a weak 

hybridization between the iodine and carbon orbitals at the band edges. 

Estimation of the exciton coupling energies 

To analyze the strongest excitonic coupling terms J for selected dimers in the Cy7PbI3 and Cy7I crystal structures, 

the extended dipole model was used according to the following equation:17 

𝐽𝐷 = (
𝝁

𝐿
)

2

(𝑅1
−1 + 𝑅2

−1 − 𝑅3
−1 − 𝑅4

−1)/(4𝜋𝜀𝜀0) 

where Ri (i=1…4) are the intermolecular distances between nitrogen atoms in a pair of molecules, L is the distance 

between nitrogen atoms of the same molecule and 𝜀0 =  8.85 ∙  10−12 𝐹𝑚−1 is the vacuum permittivity. The relative 

permittivity of 𝜀 = 4 was taken. The transition dipole moment 𝝁 = 15.6𝐷 of the optical transition was calculated 

using |𝝁|2 = 𝑓𝜆𝑚𝑎𝑥/4.702 ∙ 10−7 where f=1.46 and 𝜆𝑚𝑎𝑥=788∙ 10−7 cm correspond to the oscillator strength and 

maximum absorption wavelength of the chromophore measured in DMF solution.3  
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Supporting Figures 

 

Figure S1. Crystal structure of Cy7PbI3·2DMF. (a) asymmetric unit; 50% probability displacement ellipsoids. (b) unit 
cell viewed along the a-axis. Hydrogen atoms omitted for clarity. 
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Figure S2. Powder XRD of Cy7PbI3·2DMF. (a) Measured diffractogram of freshly filtered Cy7PbI3·2DMF powder. (b) 
Diffractogram of Cy7PbI3·2DMF single crystals simulated using Mercury 3.68. 

 

Figure S3. Simultaneous DSC-TGA-MS of Cy7PbI3·2DMF. (a) DSC and TGA vs. temperature. (b) MS of the evolved 
gas during heating. 
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Figure S4. 13C NMR spectra (100.6 MHz. (a) solution state NMR spectrum of Cy7I in CDCl3 (note: region with solvent signals hidden) and 13C CP-MAS NMR spectra of (b) 
Cy7PF6, (c) Cy7I and (d) Cy7PbI3. Selected carbon resonances are assigned to the chemical structure of Cy7. Regions with spinning side bands are indicated by asterisks. 
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Figure S5. 13C CP-MAS NMR spectra (100.6 MHz). (a) Cy7PbI3 from acetone/ether (same spectrum as shown in Fig. S4 d.  (b) Cy7PbI3·2DMF measured within 1.5 hours after 

filtration and sample preparation, (c) same sample as in (b) measured from hours 2–8 after sample preparation and (d) Cy7PbI3 (DMF solvate, dried). The red arrows 

indicate regions where additional signals are observable in the freshly prepared sample Cy7PbI3·2DMF.  
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Figure S6. 13C{1H} heteronuclear correlation NMR experiments (100.6 {400.2} MHz). (a) Cy7PF6. (b) Cy7PbI3. 

 

 

Figure S7. Absorption coefficient of the hybrid perovskite crystal calculated for the polarization directions along 
the crystallographic axes a, b and c, respectively. 
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Figure S8. Calculated charge density at the band edges of the conduction band (a) and valence band (b) viewed 

along the c axis. The charge densities are highlighted in yellow. 

 

Figure S9. Calculated exciton coupling terms for selected dimers of the crystal structures of (a) Cy7PbI3·2DMF 
and (b) Cy7I. The structures are projected along [101] and [010], respectively. The exciton coupling energies are 
indicated in the figure and the ± sign indicates that both high and low energy radiative transitions are allowed. 

The transition dipole moments of the chromophores are marked with a double-headed arrow.   
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