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Highlights 

• Miscibility and intermolecular interactions in p-type doped spiro-OMeTAD hole 

transporter by tris(pentafluorophenyl)borane are elucidated through a combination of 

characterization techniques. 

• Upon adding BCF to spiro-OMeTAD, different ionic species and active radicals are 

formed.  

• Solid-state 2D NMR spectroscopy combined with crystallography modelling is a powerful 

tool to probe changes in packing interactions, and the 2D EPR techniques resolve the 

hyperfine structure of molecularly doped organic semiconductors. 
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Abstract 

The solid-state organization of hole and electron transporting layers plays an important role in 

governing the performance and stability of emerging optoelectronic devices such as perovskite 

solar cells (PSCs). The molecular organic semiconductor (OSC) 2,2″,7,7″-tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9′-spirobifluorene (spiro-OMeTAD) is a promising hole-transporting 

material (HTM) for PSCs, which is p-doped by molecular dopants to augment the charge carrier 

mobility. Here, the p-type doping of spiro-OMeTAD by tris(pentafluorophenyl)borane (BCF) is 

investigated by a combination of techniques including optical spectroscopy, X-ray diffraction, 

Fourier transform infrared (FTIR), solid-state (ss)NMR, and electron paramagnetic resonance 

(EPR) spectroscopy. BCF molecules interact with traces of water molecules to form BCF-water 

complexes. Optical spectroscopy analysis suggests that the BCF-water complexes oxidize spiro-

OMeTAD molecules and p-type doping spiro-OMeTAD molecules. The different distributions of 

BCF and BCF-water molecules in doped spiro-OMeTAD are characterized by FTIR and 11B NMR 

spectroscopy. An NMR crystallography approach which combines two-dimensional (2D) ssNMR 

and crystallography modelling is employed to unravel the packing interactions in spiro-OMeTAD, 

and this analysis is extended to probe the morphological and structural changes in spiro-

OMeTAD:BCF blends. The hyperfine interactions are characterized by 2D hyperfine sub-level 

correlation (HYSCORE) spectroscopy. In this way, insight into the complex spiro-OMeTAD:BCF 

blend morphology is obtained and compared for different dopant concentrations. Molecular-level 

analysis of doped HTMs enabled by this study has much wider relevance for further investigation, 

for example, chemical design and interfacial engineering of p-type doped HTMs for stable and 

efficient hybrid perovskite photovoltaics. 
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Introduction  

Solution-processed semiconductors such as organic semiconductors (OSCs) and metal halide 

perovskites (MHPs) are among the systems of fundamental and technological interest for a range 

of energy and optoelectronic applications including solar cells, photocatalysis, sensors, light-

emission, and display technologies.1–5 In this context, it is vitally important to engineer the 

nanoscale compositions and structures of contact layers, photoabsorber layers and interfaces 

between them in order to develop stable and efficient optoelectronic devices. For example, the 

reactive interfaces between photoabsorbing layers and the charge-transporting materials play a 

pivotal role in governing the overall performance and environmental stability of perovskite solar 

cells (PSCs).6–13 The hand-in-hand progress on the molecular design of OSC-based hole-

transporting materials (HTMs) and MHP-based photoabsorbers is synergistically attaining high 

performance and stable optoelectronic devices. 14–17   

The formal single-junction perovskite solar cells commonly employ mesoporous titania (TiO2) as 

an electron transporter and a small-molecule OSC (spiro-OMeTAD) [2,2′,7,7′-tetrakis(N,N-di-p-

methoxyphenyl-amine)9,9′-spirobifluorene] as a hole transporting layer.13,14,18 Since its 

replacement as a solid analogue to the liquid electrolyte-based HTMs, spiro-OMeTAD and its 

derivatives have enabled the major advancements in the PSCs with power conversion efficiencies 

exceeding 24% in single-junction cells.14–17 Although solution-processed spiro-OMeTAD thin 
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films exhibit relatively low conductivity, chemical doping and additive engineering strategies were 

sought to enhance the conductivity of spiro-based HTMs. For example, crystallization strategies 

of spiro-OMeTAD molecules have been employed to improve the charge carrier mobilities in 

field-effect transistor devices, and molecularly p-doped spiro-OMeTAD HTMs enabled the 

development of high-efficiency PSCs and dye-sensitized solar cells DSCs.19–23 Interfacial and 

additive engineering of charge transport layers as well as photoabsorber layers have been used to 

improve the performance and stability of the perovskite-based solar cells.24–26 In addition, 

chemical doping of HTMs using small molecule dopants such as 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ), bis(trifluoromethane) sulfonamide lithium salt (LiTFSI), 

benzoyl peroxide and 4-tert-butylpyridine (TBP) has been used to augment the charge carrier 

properties.14,27–29 Additive engineering and doping strategies facilitate better charge transport, 

suppresses the recombination rates, and inhibit the formation of trap states.28,29 Although doping 

provides numerous advantages, some strategies lead to undesired chemical transformations and 

degradation reactions. For example, Li-TFSI dopant oxidizes spiro-OMeTAD in the presence of 

oxygen, light, or thermal excitation,8,30,31  leading to degradation reactions that impart hysteresis 

in device reproducibility, stability, and performance.30–35 Molecular doping strategies based on 

small molecules such as tris(pentafluorophenyl)borane (BCF), dimethylsulphoxide (DMSO)/HBr 

adducts, acid additives, and organic metal salts have been used to improve the conductivity, 

stability, and performance of spiro-OMeTAD based HTMs.7,36–38 The strong electron-accepting 

ability, excellent solubility in common organic solvents, and cost-effectiveness are among the 

factors that make BCF a suitable dopant for OSCs. In addition, BCF molecules interact with traces 

of water molecules to form Brønsted acid BCF-water complexes which have been shown to p-

dope a wide range of Lewis basic −conjugated molecules. The optoelectronic properties and 

bandgap of OSCs can be effectively tuned by adding BCF molecules to OSCs.39–43 Although BCF-

doped OSCs have been extensively used in organic light-emitting diodes (OLEDs),40 

photodetectors (OPDs), and field-effect transistors (OFETs),39 a few recent studies demonstrate 

the potential of BCF as a p-type dopant for HTMs and as molecular passivator in perovskite-based 

photovoltaics.36,44,45 The different mechanisms through which doping of OSCs occurs in the 

presence of BCF molecules have been discussed in great detail in the literature using experimental 

results and theoretical calculations.19,46–49 The p-type doping by BCF molecules occurs either by 

forming a charge-transfer supramolecular complex between BCF and OSC,46 or by forming an 
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acid-base complex when Lewis basic OSC shares its lone electron pair with the B atom of BCF, 

resulting in a partial charge transfer between the donor and acceptor species.47 Alternative 

mechanisms including the ground-state integer charge-transfer models have also been proposed, 

whereby an electron transfer from OSC to BCF yields a positively charged OSC cation and a 

negatively charged BCF anion.41,50  A molecular-level understanding of different doping 

mechanisms necessitates an accurate characterization of OSC-dopant intermolecular interactions 

at different length scales.  

Owing to the compositional and structural heterogeneity associated with the doped OSCs, 

molecular-level insight into the dopant-OSC intermolecular interactions is often difficult to obtain. 

Recently, several experimental and theoretical investigations have been carried out to understand 

the different doping mechanisms in OSCs induced by the addition of small molecules.19,37,38,47–

49,51–53 The addition of dopant molecules causes changes to the molecular self-assembly and 

morphological features that are difficult to resolve by X-ray scattering and microscopy techniques. 

While electroanalytical and UV-visible spectroscopy techniques provide information on the 

macroscopic changes such as conductivity and optical absorption, these techniques offer limited 

insights into dopant-OSC miscibility, intermolecular interactions, and mechanistic details of the 

molecular doping process. Therefore, a precise understanding of the structure-property 

relationship in doped OSCs necessitates the characterization using atomic-level probes such as 

solid-state (ss)NMR spectroscopy and EPR spectroscopy, which do not rely on long-range order 

and are sensitive to the short-range interactions in both crystalline and amorphous regions of OSC-

dopant blends. In particular, magic-angle spinning (MAS) NMR techniques have been increasingly 

applied to gain molecular-level insight into the microstructures, order, and disorder in organic 

semiconductors and hybrid perovskites.18,54–59  A recent study employs combined 2D ssNMR and 

EPR techniques to resolve specific intermolecular interactions and the electron-nuclear hyperfine 

structure of the BCF-doped conjugated polymer.60  

Here we investigate the optical and morphological properties of undoped and p-doped 

spiro-OMeTAD with a Lewis acid BCF (Figure 1), and examine the local structures and 

interactions between molecular dopant and host organic semiconductor using magnetic resonance 

spectroscopy and crystallography modelling techniques. While XRD and FTIR analysis provided 

limited structural insights into the intermolecular interactions between spiro-OMeTAD and BCF, 
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the 11B MAS NMR spectroscopy distinguished different boron sites in the BCF-doped spiro-

OMeTAD compared to the pristine BCF, indicating that the BCF molecules interact with spiro-

OMeTAD molecules. The morphological features of undoped and doped thin films are 

characterized by 2D ssNMR and EPR spectroscopy techniques. An NMR crystallography 

approach (which combines ssNMR and computational modelling) has been employed to unravel 

the self-assembly and packing interactions in pristine spiro-OMeTAD. We extended this approach 

to identify and distinguish the morphological and local structural changes in undoped and BCF-

doped spiro-OMeTAD molecules. By combining several characterization techniques and 

theoretical modelling, we develop a framework to gain molecular-level insight into the impact of 

dopant molecules on the structures and properties of the host OSCs, which appears to be a general 

approach for the study of molecularly doped organic semiconductors. 

 

Figure 1. Chemical structures of (a) spiro-OMeTAD and (b) tris(pentafluorophenyl)borane (BCF). 

 

Experimental 

Materials and methods. The solvents, spiro-OMeTAD, and BCF were purchased from Sigma 

Aldrich in a purity greater than 98% and used as received. All solvents were purchased dry, and 

molecular sieves were added to the solvents. The BCF was stored and handled in a nitrogen 

atmosphere glovebox to prevent water contamination. However, BCF is hygroscopic and interacts 

with traces of water molecules (present in solvents during the film deposition, and upon exposure 

to ambient moisture during the sample preparation to ssNMR experiments, i.e., scratching of thin 

films from the glass substrates and packing NMR rotors), which leads to the formation of BCF-
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water complexes. For solution-state optical spectroscopy measurements, separate solutions of 

spiro-OMeTAD and BCF were prepared (0.01 mmol/L) using chlorobenzene as the solvent. These 

solutions were placed on a vortex mixer for 10 minutes at room temperature to ensure the complete 

dissolution of OSC and dopant molecules. Stoichiometric amounts of BCF solution were added to 

the spiro-OMeTAD solution to prepare spiro-OMeTAD:BCF blends with 1:0.1, 1:0.2, 1:0.5, 1:1, 

1:2, and 1:4 molar ratios, and the resultant solutions were homogenized with a vortex agitator for 

10 minutes at room temperature. 

UV-visible absorption spectroscopy. UV-visible absorption spectra were measured using Perkin 

Elmer Lambda 650 spectrophotometer. All experiments were carried out at room temperature. The 

spectra were acquired for the liquid samples (0.01 mmol.L-1) prepared as mentioned in the above 

section with a resolution of 1 nm.  

X-ray diffraction. A Rigaku Smartlab diffractometer equipped with a copper rotated anode 

operated at 45kV and 200mA was used to record patterns of pristine, undoped, and doped spiro-

OMeTAD thin films drop cast on ITO-coated glass substrates. Diffractograms were acquired in 

parallel beam configuration between 5 and 50° with a 0.01° step on a Rigaku HyPix3000 detector. 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. Perkin 

Elmer FTIR Spectrum two UATR spectrometer was used to acquire IR spectra of thin films of 

neat and doped spiro-OMeTAD, which were obtained by scratching the drop-casted film. The 

spectra were acquired with 20 scans and spectral resolutions of 4 cm−1.  

Solid-state NMR spectroscopy. Samples for the ssNMR experiments were obtained by drop-

casting the solutions (10 mg/mL) containing pristine spiro-OMeTAD, BCF, spiro-OMeTAD: BCF 

(1:0.25, 1:0.5,1:1, 1:4 molar ratios) on ITO-coated glass substrates, and annealed at 70 °C for 20 

minutes. These thin films were scratched from the glass substrates to collect enough material (~10 

mg) into a glass vial. The samples were separately packed into either 1.3 mm or 2.5 mm (outer 

diameter) cylindrical zirconia rotors and fitted with Vespel® caps. All 1D 1H, 13C, 11B, and 2D 

1H-1H MAS NMR experiments of pristine spiro-OMeTAD, BCF, and spiro-OMeTAD:BCF blends 

(1:1 and 1:4 molar ratio) were carried out on a Bruker AVANCE NEO (18.8 T, Larmor frequencies 

of 1H, 13C, and 11B were 800.1 MHz, 201.2 MHz, and 256.7 MHz, respectively) spectrometer with 

1.3 mm H-X probe head operating at room temperature. Unless otherwise mentioned, the magic-
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angle spinning (MAS) frequency was 50 kHz for all experiments. The 1H and 13C chemical shifts 

were calibrated with respect to neat TMS using adamantane as an external reference (higher ppm 

13C resonance, 38.5 ppm, and the 1H resonance, 1.85 ppm), and the 11B NMR shifts were 

referenced using an external standard NaBH4 (
11B peak at −42.06 ppm), which is calibrated to 

BF3.OEt2 (
11B, 0 ppm) in CDCl3. The 19F NMR spectra were calibrated with respect to 19F chemical 

shifts of neat CFCl3 (19F, 0 ppm) as an external reference.61
 

All 1D 1H MAS NMR experiments were carried out by co-adding 32 transients using a relaxation 

delay of 4 seconds. The 1D 11B MAS NMR spectrum of neat BCF material was acquired by co-

adding 256 transients, and the spectra of spiro-OMeTAD:BCF blends were acquired with 2048 

co-added transients using a repetition delay of 2 seconds. All the 1D 19F MAS NMR experiments 

were carried out at 9.4 T (19F Larmor frequency = 376.5 MHz) with 30 kHz MAS using a 2.5 mm 

H-X probehead, and each spectrum was acquired by co-adding 32 transients with a relaxation 

delay of 3 seconds. For undoped and doped Spiro-OMeTAD materials, the 1D 1H→13C CP-MAS 

spectra were acquired with 2048 and 5120 co-added transients and CP contact times of 2 ms and 

4 ms, respectively. The 2D 1H-1H DQ-SQ spectra of pristine and doped spiro-OMeTAD were 

acquired with 96 t1 increments, each with 16 co-added transients, using a Back-to-Back (BaBa) 

sequence at fast MAS.62,63 The 1H detected 2D 1H-13C HETCOR spectra of pure spiro-OMeTAD 

were acquired with 256 t1 increments, each with co-addition of 24 transients, with short (100 s) 

and long (3 ms) CP contact times. 

Quantum mechanical calculations. Input files for periodic DFT calculations were prepared by 

taking molecular coordinates from previously published crystal structures of spiro-OMeTAD (The 

Cambridge Crystallography Data Centre (CCDC) code: 1475944),23, and BCF-water complexes 

(CCDC codes: 10429, and 1861707).64,65 The pristine spiro-OMeTAD molecule is a 1292-electron 

system, and the BCF-water complex is a 556-electron system. For spiro-OMeTAD, we first 

performed a convergence test. In this test, we carried out a series of calculations by varying cut-

off energy and monitored the convergence of the total energy of the molecular system in its 

irreducible representation (i.e., an asymmetric unit cell). The geometry optimization was 

performed using periodic DFT calculations, and the gauge including the projected augmented 

wave (GIPAW) method as described by Pickard and Mauri was used for the computation of NMR 

nuclear shieldings.66 All DFT calculations were performed using the CASTEP 19.11 code.67 Each 
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SCF loop was performed until the energy was converged within 3.67 × 10-8 Hartrees. For all 

calculations, the generalized density approximation DFT functional PBE with the Tkatchenko-

Scheffler (TS) dispersion correction scheme (DFT-D method) was applied, and the maximum 

plane wave cut-off energy was 29.4 Hartrees using an ultrasoft pseudopotential.68–70  In all cases, 

the optimization algorithm was BFSG, and the Monkhorst−Pack grid of minimum sample spacing 

0.07 × 2π Å−1 was used to sample the Brillouin zone.71,72 During the calculations, the positions of 

the atoms were varied within the unit cell until the average forces, energies, and displacements 

were converged to below 3.6749 × 10−7 Hartree/Å, 0.0011025 Hartrees, and 0.001 Å, respectively. 

The crystallographic information (CIF) and magnetic resonance shielding (magres) files are 

visualized using Mercury4.0 and Magresview tools.73 The 2D spectra of calculated chemical shifts 

were generated using the Magresview package (available at www.ccpnc.ac.uk).  

Solid-state EPR spectroscopy. All 1D X-band continuous-wave length (CW) EPR spectra were 

acquired with a Bruker ELEXYS E500 operating at cryogenic temperatures. For EPR pulses, the 

amplitude modulation and microwave power were 0.5 G and 1 mW, respectively. Relaxation times 

were measured on a Bruker ELEXYS E580 at 10 K using a 1D Hahn-echo sequence for T2 

(transverse relaxation) and inversion recovery for T1 (longitudinal relaxation) measurements. For 

the homogenous EPR spectral lineshape, T2 was measured from FID decay as T1 was measured 

using FID inversion recovery sequence. The /2 and  pulses were 24 and 50 ns, respectively. For 

pulsed 2D hyperfine sublevel correlation spectroscopy (HYSCORE) experiments, a four-pulse 

sequence (/2)-−(/2)- t1−()-t2−(/2)−detection(echo) sequence was used. The pulse lengths of 

/2 and  pulses of 28 ns and 52 ns, and the delay  = 300 ns were chosen to remove the strong 

FID signal due to the homogenous part of the EPR signal in order to prevent blind spot effects. 

The 2D spectra were acquired with 256×256 time-domain (t) data points to build t1 and t2 

dimensions. The unmodulated part of the echo was removed by second-order polynomial 

subtraction. Finally, 2D Fourier transformation and a Hamming apodization window function were 

applied to obtain the HYSCORE spectra. 

 

Results and discussion  
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To understand the impact of addition of dopant molecules on the optical properties of the host 

organic semiconductor, we carried out absorption measurements and analysis. Figure 2 compares 

the optical absorption spectra of undoped and doped spiro-OMeTAD (450-800 nm) as a function 

of the BCF dopant concertation in chlorobenzene. Full optical absorption spectra (275-800 nm) 

are presented in Supporting Information (Figure S1). Upon the addition of BCF molecules to the 

spiro-OMeTAD solution, absorption peaks in the 490-530 nm range have emerged. Intensities of 

these peaks increase as the BCF concentration increases from 0.1 to 1 molar equivalents. These 

optical absorption features are characteristic of the oxidized spiro-OMeTAD+ molecules because 

spiro-OMeTAD molecules are well known to undergo redox-type reactions in the presence of 

dopants.21,36 This is consistent with the previous studies that showed the addition of p-dopants led 

to such changes in the optical absorption and bandgap of HTMs.36,74 In addition, broad and weak 

intensity features appeared at 650 and 750 nm for spiro-OMeTAD:BCF (1:2 molar ratio) 

molecules (Figure S1), which can be attributable to BCF anion and spiro-OMeTAD+ cation 

species. However, the peaks characteristic of the Lewis acid-base spiro-OMeTAD:BCF adduct are 

not observed in the UV−vis absorption spectra, if present, such adduct would have led to the red-

shift in the optical absorption peak.47 These results suggest that the BCF molecules are closely 

associated with spiro-OMeTAD backbone moieties rather than forming the adduct. The ground-

state electron transfer from the spiro-OMeTAD to the BCF-water complex is corroborated by the 

increased intensity of the peak at ~530 nm.50 Although the changes in the optical properties 

indicate that the BCF is closely associated with the spiro-OMeTAD molecules, the molecular level 

origins that contribute to the changes in optical absorption in doped spiro-OMeTAD molecules are 

difficult to obtain from UV-Vis spectroscopy alone, which necessitates the structural 

characterization.  
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Figure 2. UV-Vis spectra of undoped and BCF-doped spiro-OMeTAD as a function of dopant 

concentration in chlorobenzene. 

Morphological features and local structures of undoped and doped spiro-OMeTAD. A detailed 

analysis of the morphological features at different length scales is expected to provide insights into 

the dopant-OSC interactions. Owing to the dilute concentrations of dopant molecules and the 

inherently heterogenous nature of OSCs-dopants blends, these materials represent a 

characterization challenge. Figure S3 (Supporting Information) presents the powder XRD patterns 

of the neat spiro-OMeTAD and spiro-OMeTAD:BCF blends (1:1 and 1:4 molar ratios) drop cast 

on ITO-coated glass substrate. BCF-doped spiro-OMeTAD exhibited a broad distribution of 

scattered intensities centered at ~18°, corresponding to a d-spacing value of roughly 0.45 nm, 

which could be attributed to the weak − stacking interactions between BCF and spiro-OMeTAD 

molecules. This subtle change in the long-range order, as observed by XRD, indicates structural 

changes in the thin film. Given the heterogeneous nature of OSCs, obtaining a deeper molecular-

level understanding using long-range probes such as X-ray diffraction is challenging; atomic-level 

probes are required to obtain information on the changes in local structures upon the addition of 

BCF molecules to the spiro-OMeTAD.  
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To gain further insight into the impact of BCF addition to spiro-OMeTAD, FT-IR spectra 

of drop cast films were acquired and compared for the neat and doped spiro-OMeTAD molecules. 

Fourier transform infrared (FTIR) spectroscopy can be used to identify the changes in the local 

environments of chemical bonds by analyzing absorption bands. Solid-state FT-IR spectra of 

undoped and doped spiro-OMeTAD are presented in Figure 3. The vibrational bands 

corresponding to B-C stretching are observed in the 900-1000 cm−1 range - intensities of which 

are increased upon addition of BCF molecules - indicating the presence of BCF molecules in the 

spiro-OMeTAD:BCF blend films.75 Stretching frequencies in the 1000-1400 cm−1 range are 

attributable to C-O and C-N bonds in spiro-OMeTAD, and C-F bonds in BCF molecules,76–78 and 

peaks in the 1400-1600 cm−1 range are ascribed to the stretching frequencies of aromatic C=C 

bonds phenyl and bifluorene moieties of spiro-OMeTAD and fluorinated phenyl rings in BCF 

molecules.79 The most notable of all is the vibrational band at 1562 cm−1 associated with the B-

OH stretching frequency, which is further corroborated by the strong and broad vibrational band 

centered at ~3200 cm−1.80 In addition, the vibrational band at ~3200 cm−1 can also be ascribed to 

N-H stretching frequency, which corroborates the presence of different ionic species such as spiro-

OMeTAD-H+ cations and BCF-OH− anions. The subtle changes in the vibrational bands in the 

2800-3100 cm−1 range are attributable to the changes in local C-H bonding environments of spiro-

OMeTAD upon the addition of BCF molecules. Analysis of FT-IR spectra indicates the presence 

of different dopant species, which corroborate the optical spectroscopy measurements and 

analysis.  
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Figure 3. Solid-state attenuated total reflection FT-IR spectra of undoped and doped spiro-

OMeTAD thin films acquired at room temperature. 

Insight into local structures by solid-state NMR spectroscopy. To understand the local 

compositions, structures, and intermolecular interactions in neat spiro-OMeTAD and BCF-doped 

spiro-OMeTAD films, solid-state (ss)NMR spectra of neat compounds and blends were acquired 

and compared. Multinuclear ssNMR spectroscopy has been increasingly applied to gain insight 

into the local structures in organic semiconductors and their blends.54,81–83 Of particular note, 2D 

NMR correlation spectra acquired at high fields with fast magic-angle spinning (MAS) techniques 

provide enhanced resolution to probe inter- and intramolecular interactions in both ordered and 

disordered regions of the complex OSC materials.54,58,84–88 Here, we examine 11B, 1H, and 13C 

chemical shifts (Figure 4) and through-space proximities between these nuclei, facilitating the 

structure-based understanding of neat spiro-OMeTAD and spiro-OMeTAD:BCF blends. For 

pristine BCF, the 1D 11B MAS NMR spectrum (Figure 4a) displays two distinct features, which 

can be attributed to tri-coordinated boron atoms in BCF and tetra-coordinated boron atoms in BCF-

water complexes. For the spiro-OMeTAD:BCF blend (1:1 molar ratio), a relatively narrow 11B 

NMR signal centered at −5 ppm is due to tetrahedral boron atoms in BCF anions, and the weak 

intensity signals centered at 17 and 23 ppm are attributable to distinct BCF-water complexes. 
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Likewise, spiro-OMeTAD:BCF blends with 1:0.25 and 1:0.5 molar ratios exhibited a strong 

intensity 11B NMR peak at −5 ppm (Supporting Information, Figure S3), indicating the formation 

of tetracoordinated borate anions, and the signals in  0-20 ppm range (for 1:0.5 molar ratio blend) 

are due to the formation of distinct BCF-water complexes. These latter signals appeared at much 

higher intensity in the 11B MAS NMR spectrum of spiro-OMeTAD:BCF blend (1:4 molar ratio), 

indicating that the BCF-water complexes are formed when a higher concentration of BCF (> 1 

molar equivalents) is added to spiro-OMeTAD. Periodic density-functional theory (DFT) 

calculations of BCF-H2O and BCF-H2O.2H2O complexes further support these assignments, 

whereby ~5 ppm difference in the calculated isotropic 11B chemical shifts and ~0.6 MHz difference 

in the calculated quadrupolar coupling constants between these two BCF-water complexes are 

observed. The 11B NMR results are corroborated by the analysis of 1H, 19F and 13C NMR spectra.  

In the 1H NMR spectrum of neat spiro-OMeTAD (Figure 4b), partially resolved signals at 2-5 ppm 

are due to methoxy groups, and the peaks at 5-8 ppm are associated with the phenyl and fluorene 

protons. The addition of BCF to spiro-OMeTAD causes signal broadening and intensity losses. 

The peak integrals associated with aromatic protons reduce to 52% (spiro-OMeTAD:BCF, 1:1) 

and 31% (spiro-OMeTAD: BCF, 1:1), compared to the aromatic peak intensity of pristine spiro-

OMeTAD (100%). The methoxy 1H signals exhibited 37% and 70% intensity losses for spiro-

OMeTAD: BCF blends (1:1 and 1:4 molar ratios), further indicating the formation of radical 

cations and other forms of paramagnetic species in the doped material, as confirmed by EPR 

analysis discussed below. Additionally, the 1D 1H NMR spectrum of spiro-OMeTAD:BCF (1:0.25 

and 1:0.5 molar ratio) blends shown in Supporting Information Figure S4 exhibited similar peak 

broadening. For the neat BCF, 19F NMR signals between −134 and −141 ppm correspond to the 

ortho-fluorine sites, and the peaks between −160 and −171 ppm are due to meta and para fluorine 

sites of pentafluorophenyl rings.47 The narrow 19F signals indicate the well-ordered 

pentafluorophenyl rings in BCF molecules. By comparison, the spiro-OMeTAD:BCF blends with 

1:0.25, 1:0.5, and 1:1 molar ratios (Figures 4c, S5) exhibit broad signals that indicate the different 

local chemical environments of fluorinated phenyl groups, which can be further corroborated by 

the 1D 1H and 13C NMR analyses that showed similar peak broadening due to the presence of 

paramagnetic species and local heterogeneities in the local chemical environments of spiro and 

BCF molecules.  Upon further increasing the BCF concentration to 4 molar equivalents, both 



15 

 

narrow and broad 19F spectral features are observed, which are hypothesized to originate from the 

different distribution of dopant molecules, including well-intermixed BCF molecules and phase-

separated BCF and BCF-water complexes (that are identical to the neat BCF molecules) in the 

blend.  

By analyzing 1H→13C cross-polarization (CP)-MAS NMR spectra of spiro-OMeTAD acquired 

with different CP contact times, the directly bonded and through-space dipolar coupled C-H 

moieties can be identified and distinguished (Figure 4d). Well-resolved 13C signals indicate the 

high degree of structural order in neat spiro-OMeTAD material. The methoxy 13C signals appeared 

at 53-56 ppm (orange dots), and the signal at 66 ppm is attributed to the quaternary carbon atom 

at the bridging position (pink dot) of central bifluorene moiety. In the aromatic region, the 13C 

signals at 107-133 ppm are assigned to the directly bonded C-H moieties in phenyl and bifluorene 

moiety (gray and cyan dots), and the signals in the range of 135-160 ppm are ascribed to the 

quaternary carbon atoms (green, blue, red and burgundy dots), which are further corroborated by 

periodic DFT calculated NMR chemical shifts of crystalline spiro-OMeTAD using the GIPAW 

approach, as discussed below. By comparison, the 1H→13C CP-MAS NMR spectrum of spiro-

OMeTAD: BCF (1:4) blend exhibited relatively broad signals for both methoxy and aromatic 

regions, consistently with the 1H NMR peak broadening, due to the interpenetration of BCF 

molecules that disrupt the self-assembly and packing interactions in spiro-OMeTAD molecules as 

well as the formation active radical species. Although local 1H and 13C chemical shifts 

characterized by conventional 1D MAS NMR spectra provide information on the local bonding 

environments, these measurements do not provide information on the intermolecular interactions 

between BCF and spiro-OMeTAD molecules.  
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Figure 4. Solid-state (a) 11B MAS NMR spectra of neat BCF and spiro-OMeTAD:BCF blends (b) 

1H MAS (c) 19F MAS and (d) 13C CP-MAS NMR spectra of neat spiro-OMeTAD (CP contact time 

of 2 ms – top and 60 s – middle ) and spiro-OMeTAD:BCF blends with dopant concentrations 

indicated in the insets. The peaks are color-coded as depicted in the schematic structure in (d).  

 

Beyond the resolution capabilities of 1D MAS NMR, we employed 2D 1H-13C 

heteronuclear correlation and 1H-1H Double-Quantum–Single-Quantum (DQ-SQ) correlation 
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NMR spectroscopy to analyze OSC-dopant inter- and intramolecular interactions. In these 

experiments, 2D peaks are detected for the through-space and dipolar coupled 1H-13C and 1H-1H 

pairs at sub-nanometer distances. Notably, calculated 1H and 13C chemical shifts using the 

GIPAW DFT-D approach facilitate the analysis of 2D NMR spectra of neat spiro-OMeTAD 

molecules, from which the information on molecular self-assembly and packing interactions can 

be deduced. This analysis can be extended to examine the changes in the local structures and 

packing interactions between spiro-OMeTAD molecules upon doping with BCF molecules, for 

example, by analyzing and comparing the experimental 2D NMR correlation spectra of undoped 

and doped spiro-OMeTAD materials. In this way, a combination of modelling and experimental 

analysis can be used to gain a structural insight into the doped OSC material.  

Figure 5 presents 2D 1H-13C HETCOR spectra of neat spiro-OMeTAD acquired with 

short and long CP contact times. Specific packing interactions that contribute to the 2D peaks 

are depicted in Figure 5a. The GIPAW DFT-D calculated 1H and 13C NMR chemical shifts for 

dipolar coupled 1H-13C pairs are overlaid on the experimental spectra, and the 2D peaks are color-

coded as depicted in the schematic structure (Figure 5b, inset). In the 2D HETCOR spectrum 

acquired with a short CP contact time (100 s, Figure 5b), the 2D correlation peaks 

corresponding to the directly bonded 13C-1H spin pairs are observed. For directly-bonded 1H-13C 

moieties, good agreement between experimental and DFT-calculated 2D peaks is observed, 

although subtle changes in the 1H chemical shifts (9-10 ppm) are observed. These differences 

are attributable to the changes in the local packing interactions due to the high degree of 

conformational flexibility associated with phenyl rings and methoxy groups. The 2D peaks 

correlating 1H (2.8-4.1 ppm) and 13C signals (53-56 ppm) correspond to C-H moieties within 

methoxy groups (yellow circle) of spiro-OMeTAD. In the aromatic region, the directly bonded 

phenyl 13C-1H moieties (grey dot and square) are observed at 1H (5.6-6.4 ppm) and 13C (113-119 

ppm) signals and at 1H (6.6 ppm) and 13C (133-135 ppm) signals, and the 2D peaks associated 

with the fluorene moieties (turquoise dots) of the spiro-OMeTAD core appeared at 1H (5.4-7.5 

ppm) and 13C (122-130 ppm) signals. In order to distinguish the 2D speaks originating from the 

directly bonded 13C-1H moieties from those of through-space dipolar coupled 13C…1H moieties, 

an additional 2D HETCOR spectrum acquired with a long CP contact time has been analyzed 

and compared. By comparison, the 2D HETCOR spectrum of the same material acquired with a 
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longer CP contact time (3 ms, Figure 5c) exhibited markedly different correlation peaks, which 

originate from both inter- and intramolecular dipolar coupled 13C-1H spin pairs at sub-nanometer 

distances. For all 13C-1H spin pairs within 2.8 Å, the GIPAW DFT-D calculated 1H and 13C 

chemical shifts are overlaid on the experimental spectra. The inter- and intramolecularly dipolar 

coupled methoxy 13C (yellow dots) and phenyl 1H sites (grey dot and square) lead to a 2D peak 

at 1H (6.2-6.6 ppm) and 13C (53-56 ppm) chemical shifts as indicated by the red arrow. The inter- 

and intramolecular 13C-1H distances associated with these moieties are 3.4 Å and 2.8 Å, as shown 

in the crystal structure (Figure 5a). The 2D peak at 13C (~55 ppm, pink dot) and the 1H (6-7 ppm, 

blue dots) is due to the intramolecular through-space interactions between quaternary carbon 

atom at the bridged position of bifluorene moieties and bifluorene protons.  In addition, the inter- 

and intramolecularly proximate bifluorene quaternary carbon atoms (brown dots) and bifluorene 

protons give rise to a 2D peak between 13C (135-139 ppm) and 1H (6.5-6.9 ppm), for which the 

closest inter- and intramodular distances are 3.3 Å and 2.2 Å in the GIPAW DFT-D optimized 

crystal structure of spiro-OMeTAD. Subsequently, the quaternary phenyl C (141-144 ppm, red 

dots) are in close proximity with phenyl and fluorene protons (5.1–7.4 ppm) with the closest 

inter- and intramolecular C-H distances of 3.4 and 2.2 Å, respectively. The same quaternary 

fluorene C (red dot) is closely proximate with the fluorene and phenyl protons resulting in the 

2D peaks between 13C (146-150 ppm) and 1H (5.4-7.6 ppm) chemical shifts. Examining more 

closely at the core of spiro-OMeTAD, the fluorene carbon sites (purple dots) and the fluorene 

protons are intra- and intermolecularly dipolar coupled, leading to the 2D peaks at 13C (153-155 

ppm) and 1H (5.6-7.2 ppm) signals. Right next to it, the phenyl quaternary carbon atoms (denoted 

by green dots that are adjacent to methoxy groups) are inter- and intramolecularly dipolar 

coupled to phenyl protons within 3.4 Å distance, leading to the 2D peaks between 13C (158-163 

ppm) and 1H (5.5- 7.1 ppm) signals. Apparently, the 2D peaks between 13C (150-160 ppm) and 

1H (2-4 ppm) depicted in the box (Figure 5b) indicate the close proximity between quaternary 

phenyl carbons and the methoxy protons. In this case, large deviations between the experimental 

and calculated 2D 1H-13C peaks are observed, particularly for the 13C chemical shifts (100-140 

ppm) and the methoxy 1H chemical shifts (2-4 ppm) denoted in dashed rectangles, which are 

expected to originate from through-space dipolar interactions. This indicates that the changes 

occur in local structures and packing interactions due to different conformational degrees of 

freedom associated with methoxy groups. A detailed NMR crystallography analysis of 2D 
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HETCOR spectra of neat spiro-OMeTAD is expected to help to analyze the similar interactions 

in spiro-OMeTAD:BCF blend, however, the extensive peak broadening and signal intensity 

losses make it difficult to acquire 2D 1H-13C HETCOR spectra of this latter. We, therefore, 

acquired and analyzed 1H-1H correlation experiments to examine the morphological changes in 

the BCF-doped spiro-OMeTAD material, as these experiments benefit from inherently high 

sensitivity. 
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Figure 5. (a) GIPAW DFT-D geometry optimized crystal structure of spiro-OMeTAD with 

specific inter- and intramolecular packing interactions that contribute to 2D peaks in the 1H-13C 

HETCOR NMR spectra. Solid-state 2D 1H–13C HETCOR (1H-detected) NMR spectra of spiro-

OMeTAD with CP contact time of (b) 100 s (c) 3 ms along with the skyline projections of 1H 

and 13C spectra in top-horizontal and left vertical dimensions. DFT calculated NMR chemical 

shifts of spiro-OMeTAD are overlaid on their spectra. All 2D spectra were acquired at 18.8 T, 

room temperature, and 50 kHz MAS frequency. For the crystal structures of spiro-OMeTAD, the 

DFT calculated 1H and 13C chemical shifts for all 1H-13C pairs within (a) 1.3 Å and (b) 2.6 Å is 

depicted by the overlaid crosses. 

Next, we analyzed 2D 1H DQ-SQ correlation spectra of neat spiro-OMeTAD and spiro-

OMeTAD:BCF (1:4) blend. In the 2D 1H DQ-SQ correlation experiment, the DQ 1H signals 

associated with the through-space dipolar coupled 1H-1H pairs within 5 Å are excited and detected. 

These DQ signals are manifested as on- and off-diagonal correlation peaks at the sum of 1H SQ 

chemical shifts (see Figure 6, the chemical shift range in the vertical DQ axis is twice as larger as 

the horizontal SQ chemical shifts), whereby the DQ peak intensities are characteristic to the 

strength of dipolar interaction between specific 1H-1H pairs.89–91 Figure 6 presents 2D 1H-1H DQ-

SQ correlation spectra of undoped and BCF-doped spiro-OMeTAD blends. For the pristine spiro-

OMeTAD material (Figure 6a), the GIPAW DFT-D calculated chemical shifts for all 1H-1H pairs 

within 2.5 Å are overlaid and compared. A broad distribution of 1H DQ peaks centered at ~3 ppm 

at the diagonal corresponds to dipolar coupled 1H-1H pairs in methoxy groups, and the distribution 

of DQ signals at 10-16 ppm is due to the close 1H-1H proximities in aromatic groups. Specifically, 

the off-diagonal DQ signals at 7.5 and 10.5 ppm (blue arrows) are attributed to the inter- and 

intramolecular dipolar interactions between methoxy and aromatic groups with the closest 1H-1H 

distances of 2.5 Å and 2.3 Å, respectively. In contrast to the pristine material, the BCF-doped 

spiro-OMeTAD exhibits relatively broad DQ-SQ features, which indicates that the addition of 

BCF molecules causes changes to the local order and intermolecular interactions between spiro-

OMeTAD molecules. The relative displacement of the off-diagonal DQ peaks at 9-11 ppm 

(compared to 7.5-10.5 ppm in neat spiro-OMeTAD) corroborates the changes in the local 

structures and proximities upon the addition of BCF molecules. For example, the 2D peaks 

between methoxy and aromatic protons (blue arrows) were not detected in the DQ-SQ spectrum 
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of spiro-OMeTAD:BCF blend (Figure 6b) due to the changes in the packing interactions of spiro-

OMeTAD molecules. In addition, the degree of signal intensity loss in the aromatic regions is 

higher than the methoxy groups, which further indicates the paramagnetic species are closely 

located in the aromatic regions.  It can be visualized by examining horizontal line-cut spectra of 

2D 1H DQ spectra of neat and doped spiro-OMeTAD shown in Figure 6c-d, whereby the on- and 

off-diagonal 1H DQ signal intensities of the aromatic proton sites in the BCF-doped spiro-

OMeTAD is reduced compared to the methoxy groups (in contrast to the nearly identical 1H DQ 

intensities associated with the same groups in pristine spiro-OMeTAD). Overall, this analysis 

suggests that the addition of dopant molecules perturb the local structures and packing interactions 

due to the OSC-dopant miscibility and intermolecular interactions. 
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Figure 6. Solid-state 1H-1H DQ-SQ correlation MAS NMR spectra of (a) undoped and (b) BCF-

doped spiro-OMeTAD acquired at 18.8 T (1H 800 MHz), 50 kHz MAS and at room temperature. 

For the undoped spiro-OMeTAD shown in (a), the GIPAW DFT-D calculated chemical shifts for 

all 1H-1H pairs within 2.5 Å are overlaid on top of the experimental spectrum (blue crosses). The 

horizontal line-cut spectra of (c) undoped and (d) BCF-doped spiro-OMeTAD molecules are 

extracted and compared for specific 1H DQ peaks (~7.0, 9.7, and 12.9 ppm) as indicated by the 

horizontal dashed lines in (a) and (b).  

The key learnings from multinuclear (1H, 11B, 13C, and 19F) ssNMR analyses of undoped and doped 

spiro-OMeTAD are summarized in the following points: (i) Distinct BCF and BCF-water 
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complexes are identified using 1D 11B NMR analyses (ii) Molecular self-assembly and packing 

interactions in spiro-OMeTAD are perturbed upon the addition of BCF molecules as observed by 

the changes in 1H, 19F and 13C NMR chemical shifts and 1H-1H dipolar interactions, and (iii) 

Significant reduction of signal intensity is observed upon addition of BCF dopant (predominantly 

for aromatic spiro-OMeTAD moieties) suggesting the formation of paramagnetic species in doped 

material, which will be corroborated by EPR analysis, as discussed below. 

Insight into paramagnetic species and hyperfine interactions by 1D and 2D EPR techniques. 

Information on the paramagnetic species and hyperfine interactions in doped organic 

semiconductors can be obtained by analyzing EPR spectra.52,53,60,92 Figure 7a compares the X-band 

continuous-wave length (CW) EPR spectra of doped and undoped spiro-OMeTAD films. The 

undoped spiro-OMeTAD displays a weak intensity signal at a magnetic field centered at 3494 

Gauss (G) with a g value of 2.0042 that is characteristic of free-electron g-factor, which is expected 

to originate from a small concentration of spiro-OMeTAD+ cation species generated upon 

exposure to oxygen.21,33,93 For spiro-OMeTAD:BCF (1:1 molar ratio), a broad distribution of 

signals near 3493 G is observed with a g value of 2.0045, and a linewidth of 4.5 G indicate the 

presence of different paramagnetic species, predictably spiro-OMeTAD+ and spiro-OMeTAD-

NH•. For example, an electron transfer can occur from the adjacent neutral OSC molecules to the 

protonated OSC molecules to lead to radical species.21,48,51,52,94,95  Although the p-type doping 

leads to spiro-OMeTAD-NH• (with optical absorption at ~620 nm in Figure 1), such species are 

expected to react with each other to release hydrogen gas and regenerate neutral spiro-OMeTAD.65 

For spiro-OMeTAD:BCF molar ratio 1:4, we observed a further increase in the EPR signal 

intensity at ~3495 G with a decrease of EPR linewidth to 1.6 G (i.e., homogeneous lineshape) and 

a g factor of 2.0024 close to the free-electron value. Additionally, longitudinal (T1) and transverse 

(T2) relaxation times of electron spins were measured and compared for the doped materials with 

1 and 4 BCF molar equivalents. For the spiro-OMeTAD:BCF (1:1), inhomogeneous T1 and T2 

values of electrons were found to be 1.2 µs and 60 ns, as measured by the inversion recovery and 

Hahn-echo experiments. Heterogeneity in the EPR lineshape is in accord with the presence of 

different radical species along with spiro-OMeTAD+. For the spiro-OMeTAD:BCF (1:4 molar 

ratio), the EPR lineshape is homogenous and a free induction decay (25 ns) has been acquired with 

T1e of 500 ns. The different electron spin relaxation times (T1 and T2) corroborate  that the different 

paramagnetic (or active radical) species co-exist in p-type doped spiro-OMeTAD:BCF blends, 
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indicating that the different doping mechanisms, depending on the concentrations of the dopant 

molecules, consistently with the different doping mechanism suggested in the previous studies.21,36 

 

Figure 7. Solid-state (a) CW EPR spectrum for the neat spiro-OMeTAD, and spiro-OMeTAD: 

BCF blends at 1:1 and 1:4 molar ratios, and (b) 2D HYSCORE spectrum of spiro-OMeTAD: BCF 

(1:1 molar ratio) acquired at 10 K. 

The hyperfine sub-level correlation spectroscopy (HYSCORE) technique is particularly 

suitable to characterize the hyperfine interactions between electron and nuclear spins in doped 

OSCs. The HYSCORE spectrum exhibits 2D peaks due to the hyperfine couplings that originate 

from (i) anisotropic dipole-dipole interaction, which depends on the relative orientation of spin 
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magnetic moments, and (ii) isotropic fermi-contact interaction that arises when there is a finite 

spin density of the electron spin at the nucleus. While insight into the local hyperfine interactions 

in the doped systems can be obtained from pulse 2D EPR techniques, the very fast relaxation times, 

even at 10 K, makes it difficult to carry out such experiments. Nevertheless, it has been feasible to 

acquire and analyze the 2D HYSCORE spectrum of spiro-OMeTAD:BCF (1:1) blend (Figure 7b), 

whereby the hyperfine coupling associated with 1H (~15 MHz) is observed in the (+,+) quadrant 

of the HYSCORE spectrum.96,97 A well-resolved 19F at =12.5 MHz indicates that the fluorine 

atoms are spin-polarized by the electrons. The 1H signal at =15 MHz indicates a strong electron-

proton hyperfine coupling dominated by the dipolar interaction, with a vertical shift of 1.8 MHz 

indicates an electron-1H distance of ~0.35 nm, suggesting that the bulky aromatic BCF molecules 

are located in the vicinity of spiro-OMeTAD, as estimated based on the dipole single-point 

approximation. The same HYSCORE spectrum exhibits weak hyperfine couplings with the two 

isotopes of boron 10B ( = 1.6 MHz) and 11B ( = 4.8 MHz) on the diagonal (red arrows), but does 

not show an anti-diagonal signal, indicating that these hyperfine interactions arise purely from the 

dipolar interaction. The broad distributions of signals in the (−,+) quadrant of the same spectrum 

are expected to originate from the single-quantum and double-quantum signals associated with 14N 

sites, and weak hyperfine couplings associated with 13C and with 14N sites, which are difficult to 

resolve and distinguish.  

A detailed 2D ssNMR and EPR analyses corroborate that the BCF molecules exhibit different 

intermolecular interactions with spiro-OMeTAD, which indicate the presence of different oxidized 

products and radicals that are formed during the p-type doping process. The addition of minuscule 

concentrations of BCF molecules leads to p-doping of spiro-OMeTAD, which is hypothesized to 

occur via the Lewis acid-based doping process.36 Alternative doping process that may occur by 

transferring the electron from spiro-OMeTAD to BCF molecules, leading to a spiro-OMeTAD 

radical cation species, cannot be safely ruled out. The positively charged spiro-OMeTAD is 

hypothesized to be stabilized by the electron transfer from a neighboring neutral spiro-OMeTAD 

molecule leading to a cation and radical species. In addition, BCF-water complexes serve as 

Brønsted acid sites to transfer a proton to spiro-OMeTAD molecules, which are hypothesized to 

trigger p-type doping, particularly at higher concentrations of BCF (greater than 1 molar 

equivalent),65 leading to the formation of small amounts of spiro-OMeTAD-H+ species as indicated 
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by changes in the optical absorption (UV-vis spectroscopy) and vibrational spectra (FT-IR 

spectroscopy) of spiro-OMeTAD:BCF blends .21 

Conclusions 

To summarize, the local compositions, structures and intermolecular interactions in BCF-doped 

spiro-OMeTAD are investigated using a combination of techniques. Addition of BCF to spiro-

OMeTAD yields a strong increase in the optical absorption (400-550 nm), which indicates the 

formation of oxidized spiro-OMeTAD+ species. The spiro-OMeTAD:BCF miscibility and 

intermolecular interactions are characterized by FT-IR and 1D 1H, 13C, 19F, and 11B MAS NMR, 

and 2D 1H-13C and 1H-1H correlation NMR spectroscopy techniques. The 11B NMR signals 

correspond to tri-coordinated BCF, and tetracoordinated BCF anion and BCF-water complexes are 

distinguished and identified. For pristine spiro-OMeTAD, an NMR crystallography analysis is 

presented to characterize self-assembly and packing interactions, and this knowledge is extended 

to rationalize the structural changes in the spiro-OMeTAD films before and after doping with BCF 

molecules. These results indicate that the BCF molecules are closely associated with spiro-

OMeTAD molecules, and cause disruption to the packing interactions of these latter molecules. 

Specifically, the 2D 1H-1H DQ-SQ correlation NMR spectra enabled the structural changes in 

undoped and doped materials to be identified and distinguished. In addition, BCF can interact with 

traces of water molecules to form Brønsted acid BCF-water complexes. These results suggest that 

the p-type doping by Lewis acid BCF and Brønsted acid BCF-water complexes lead to different 

dia- and paramagnetic species that are locally distributed into different chemical environments, 

leading to a mixture of doped and undoped species and aggregates of these molecules. As indicated 

by ssNMR results, the addition of BCF induces paramagnetic-induced signals broadening and 

intensity losses. Insight into the hyperfine interactions in BCF-doped spiro-OMeTAD is obtained 

by analyzing 1D and 2D pulsed EPR techniques and electron spin relaxation measurements and 

analysis. Despite the amorphous nature of the spiro-OMeTAD thin films, the combined 2D ssNMR 

and EPR analysis presented here enabled the specific moieties such as aromatic core and methoxy 

structures and hyperfine interactions to be identified and distinguished. Therefore, the magnetic 

resonance techniques in conjunction with computational modelling can be applied to obtain 

essential structural insights and have much wider relevance to characterize intermolecular 

interactions in small molecule doped organic semiconductors. The presented approach has certain 
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limitations, as the doped OSCs contain dia- and paramagnetic species that lead to homogeneous 

and inhomogeneous signal broadening in ssNMR spectra due to the short and long-range effects 

such as pseudocontact shifts, anisotropic bulk magnetic susceptibility (ABMS)-induced shifts, and 

the dipolar contributions from the locally disordered regions, which are difficult to accurately 

deconvolute, analyze and compare. 
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1. UV-Vis spectrum of neat and BCF doped spiro-OMeTAD (1:1 and 1:4) 

 

 

 

Figure S1. UV-Vis spectra of pristine and BCF-doped spiro-OMeTAD as a function of 

dopant concentration. 
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2. Powder X-ray diffraction patterns of neat and doped spiro-OMeTAD 

For neat spiro-OMeTAD and BCF-doped spiro-OMeTAD films drop cast on indium tin oxide 

(ITO)-coated glass substrates, powder XRD patterns are compared in Figure S2. Given the 

amorphous nature of drop cast spiro-OMeTAD film, a strong background signal is observed in the 

powder XRD pattern, and the reflections at (200), (222), and (400) originating from the ITO glass 

substrate are detected. By comparison, the spiro-OMeTAD:BCF (1:1 and 1:4 molar ratios) blends 

exhibited a broad distribution of scattered intensities centered at ~18°, corresponding to the d-

spacing value of 0.45 nm, which are expected to originate from very weak − stacking 

interactions between BCF and Spiro-OMeTAD molecules. The subtle change in the long-range 

order observed by XRD indicates changes in spiro-OMeTAD thin-film morphology upon the 

addition of BCF molecules. Due to the heterogeneous nature of OSCs, obtaining a deeper 

molecular-level understanding using long-range probes such as X-ray diffraction is, however, 

challenging; more atomic-level probes are required to provide information on the changes in local 

structures upon the addition of BCF molecules to the spiro-OMeTAD. 

 

Figure S2. Powder XRD patterns of pristine undoped and doped spiro-OMeTAD thin films drop 

cast on ITO-coated glass substrates. 
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3. 11B MAS NMR spectra of spiro-OMeTAD:BCF blends 

Figure S3 presents the 1D 11B MAS NMR spectra of spiro-OMeTAD:BCF (1:0.25 and 1:0.5 molar 

ratio) blends. The peak at −5 ppm in these spectra can be attributed to tetrahedral boron sites in 

BCF anions. The additional signal around 1 ppm and ~15 ppm in the spiro-OMeTAD:BCF blends 

(1:0.5 molar ratio) can be attributed to the BCF-water complexes. 

 

Figure S3. Solid-state 11B MAS NMR spectra of spiro-OMeTAD:BCF blends (1:0.25 and 1:0.5 

molar ratio) acquired at 9.4 T (11B Larmor frequency = 128.4 MHz) with 30 kHz MAS at room 

temperature. 
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4. 1H MAS NMR spectra of spiro-OMeTAD:BCF blends 

Figure S4 presents the 1D 1H MAS NMR spectra of spiro-OMeTAD:BCF (1:0.25 and 1:0.5 molar 

ratio) blends. The broad peak centered at 3.1 and 6.4 ppm in these spectra can be attributed to 

methoxy and aromatic protons in the spiro-OMeTAD material. Acquisition of the spectrum at 30 

kHz, as well as the presence of anisotropic bulk magnetic susceptibility effects and local disorder, 

leads to the signal broadening, making it complex to resolve distinct sites in the spiro-

OMeTAD:BCF blends. 

 

 

Figure S4. Solid-state 1H MAS NMR spectra of spiro-OMeTAD:BCF blends (1:0.25 and 1:0.5 

molar ratio) acquired at 9.4 T (1H Larmor frequency = 400.1 MHz) with 30 kHz MAS. The peaks 

are color-coded, as depicted in the schematic structure in Figure 4d (main manuscript). 
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5. 19F MAS NMR spectra of spiro-OMeTAD:BCF blends 

Insights into the local chemical environments and structures of pentafluorophenyl groups in neat 

BCF and spiro-OMeTAD:BCF blends can be obtained by analyzing and comparing their 19F MAS 

NMR. Figure S5 presents the 1D 19F MAS NMR spectra of spiro-OMeTAD:BCF (1:0.25 and 

1:0.5 molar ratio) blends. In the 1D 19F NMR of neat BCF shown in (Figure 4c, main manuscript), 

the signals at −134, −138, and −141 ppm correspond to inequivalent ortho- fluorine sites in 

pentafluoro phenyl moieties, and the signals corresponding to the meta- and para- fluorine sites 

are observed in the range between −160 and −171 ppm. In the 1D 19F NMR spectrum of spiro-

OMeTAD:BCF (1:0.25 and 1:0.5) blends shown in Figure S5, significant line broadening is 

observed for ortho-, meta- and para- fluorine sites. Upon increasing the dopant concentration, 19F 

NMR of spiro-OMeTAD:BCF blend (1:1 molar ratio) exhibited a broad signal centered at −134 

and −165 ppm.  Signal broadening in this material indicates the local compositional and structural 

disorder and the presence of hyperfine interactions. Upon further increasing the BCF 

concentration, the 19F signals corresponding to ortho- para- and meta- fluorine sites are observed 

at −138, −155, and −162 ppm in the spiro-OMeTAD:BCF blend (1:4 molar ratio) material.  These 

signals, in comparison to the 1:1 molar ratio blend, are narrower, suggesting a more locally ordered 

environment, which can be hypothesized to be originated from the clusters of BCF-water 

complexes. One must also take into account the anisotropic bulk magnetic susceptibility effects, 

which further cause signal broadening in spiro-OMeTAD:BCF blends in comparison to pristine 

BCF material. 
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Figure S5. Solid-state 19F MAS NMR spectra of spiro-OMeTAD:BCF blends (1:0.25 and 1:0.5 

molar ratio) acquired at 9.4 T (19F Larmor frequency = 376.5 MHz) with 30 kHz MAS. 

 

 


