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ABSTRACT:  With  the  recent  development  of  non-fullerene  acceptors,  power  conversion

efficiencies of bulk-heterojunction organic solar cells have exceeded 18%. The morphology of the

BHJ active layer, including packing, ordering, orientation, and phase behavior of the donor(s) and

acceptor(s),  plays  critical  roles  in  determining  device  performance.  We  characterized  the

morphology  of  active  layers  consisting  of  mixtures  of  PTB7/PTB7-Th  (donor)  and  ITIC

(acceptor) using grazing incidence wide-angle X-ray scattering, resonant soft X-ray scattering,

and solid-state nuclear magnetic resonance (ssNMR) to correlate the morphology with device

performance.  PTB7-Th:ITIC has  better  device  performance  than  that  of  PTB7:ITIC,  due  to

smaller π-π stacking distance and smaller domain size of the phase separated morphology. One of

PTB7:ITIC  sample,  processed  from  mixed  solvents  (chlorobenzene:benzene=1:1),  shows

possible partial miscibility and smaller domain size as revealed by ssNMR T1 relaxation times,

which is detrimental to device performance. ssNMR results showed that ITIC could crystallize

into different forms depending on processing conditions, which may have implications on the

manufacturing of devices using it as an ingredient, as well as its long-term stability in service.



INTRODUCTION

Due  to  their  promising  applications  as  clean  and  renewable  energy  sources,  bulk-

heterojunction organic solar cells (OSCs), which are lightweight, transparent, and flexible,1-6  have

attracted much attention.  The power conversion efficiencies (PCEs) of OSCs have undergone

remarkable improvements, recently achieving values over 18% due,7-8 primarily, to the advent of

non-fullerene  acceptors  (NFAs).9-18 Numerous  NFAs  have  been  designed  and  synthesized,

overcoming  the  drawbacks  of  fullerene-derivative  acceptors,  including  low absorption  in  the

visible region,  difficulty in changing the energy levels,  and ease of aggregation in the active

layer.19-22 

Most high efficient NFAs are fused-ring electron acceptors  23, containing a rigid aromatic

fused-ring core substituted with aryl and/or alkyl side chains, coupled with two strong electron-

accepting groups.24 The fused rings of the electron acceptors contain thiophene or benzene rings,

which are similar to the benzodithiophene(BDT)-based electron donor materials, such as PTB7,

PTB7-Th, and PM6.25-27 The similarities in the chemical composition of the donors and NFAs

limit current methods based on electron densities or refractive indices to discern details of the

morphology. 28-30

Solid-state nuclear magnetic resonance (ssNMR) is sensitive to local chemical and physical

environments from the chemical bond level up to tens of nanometers, useful for probing ordering,

segmental  conformation,  phase  separation,  and  molecular  dynamics.31-33 Indicators,  including

nucleus-independent  chemical  shifts  (NICS)  due  to  π-π  stacking34-36 and  differences  in  peak



shapes and T1ρ relaxation times between crystalline and amorphous signals, have been used to

access  morphological  details.  37-40 1H spin  diffusion  can  probe  the  state  of  mixing  in  bulk-

heterojunction active layers.41-43 Comprehensive comparisons between X-ray scattering, ssNMR

and  thermal  methods  were  applied  to  understand the  ordering  behavior  and  state  of  mixing

between polymer donor and fullerene acceptors in organic photovoltaic materials.44-45

Despite  the  rapid  development  of  NFA-based  OSCs in  recent  years,  the  morphology of

polymer donors blended with NFAs has not been extensively studied by ssNMR.46-47 Recently,

several  studies  examined  the  local  ordering  at  the  segmental  level  and  donor:NFAs  π-π

interactions based on some high efficiency donor:NFAs systems,48-51 which were detected by 1H,

13C or  19F ssNMR and their correlation spectra. Nguyen and coworkers used  1H and  19F MAS

NMR spectra and their correlation spectra to investigate PTB7-Th, IOTIC, and IOTIC-4F. The

degree of local order can be estimated by linewidth analysis. Correlation spectra can provide the

information  of  the  interaction  between  the  nuclei.  The  increased  local  ordering  and  π-π

interactions  of  PTB7-Th:IOTIC-4F  explain  the  superior  charge  transport  and  extraction

properties.48 They also used solid-state  19F MAS NMR and 2D  19F{19F} correlation spectra to

detect the morphology of PM6 and Y6, which shows lack of interaction between PM6 and Y6

within a 1 nm distance.49 In addition, they used 2D 13C–1H HETCOR spectra intermolecular 13C–

1H  proximities  between  PM6  and  Y6  molecules  in  different  low  molecular  weight  fraction

blends.50 Zhan and coworkers used 19F NMR to detect PM6, Y6, PhI-Th and PC71BM. Linewidth

analysis was performed to understand the ordering of the quaternary OPV system.51  



In  the  present  report,  we  use  a  representative  molecule,  2,2′-[[6,6,12,12-tetrakis(4-

hexylphenyl)-6,12-dihydrodithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene-2,8-

diyl]bis[methylidyne(3-oxo-1H-indene-2,1(3H)-diylidene)]]bis[propanedinitrile]  (ITIC)  as  an

NFA,  blended  with  a  polymer  donor  Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b

′]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})  (PTB7)

or  Poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})  (PTB7-Th),  to  fabricate  OSC  devices.  The

objective of these studies is to use multiple techniques to probe the morphology and highlight the

advantages and disadvantages of each and to provide caveats encountered in the comparison of

the results on sample prepared in different way to develop a coherent morphological description.

The PTB7-Th:ITIC based devices show an average PCE of 5.81%, which is  better  than that

obtained for PTB7:ITIC (3.61%), even though the chemical structure of PTB7 and PTB7-Th are

quite similar. In addition to absorption, charge transport, which depends on the morphology of

the donor and acceptor, is critical for device performance. Morphology results of neat or blend

PTB7,  PTB7-Th,  and  ITIC  samples  were  obtained  by  a  range  of  characterization  methods,

including  grazing  incidence  wide-angle  X-ray  scattering  (GIWAXS),  resonant  soft  X-ray

scattering (RSoXS),  and ssNMR. With GIWAXS, molecule ordering and orientation of each

component from the neat and blend films could be obtained. With RSoXS, the phase separation

behavior of the blend film was studied. With ssNMR, ordering information was obtained from by

13C ssNMR peak  positions,  while  phase  separation  was  studied  by  T1 relaxation  times.  By



comparing  the  results  from these  methods,  the  morphologies  of  active  layers  with  different

combinations of PTB7, PTB7-Th, and ITIC were obtained, providing insights into the structure-

property-performance relationship of the active layer.

RESULTS AND DISCUSSION

Photovoltaic  Properties.  OSC  devices  were  fabricated  with  a  configuration  of

ITO/PEDOT:PSS/active layer/PDINO52/Ag using PTB7 or PTB7-Th as the donor and ITIC as the

acceptor. Table 1 summarizes the performance of PTB7:ITIC and PTB7-Th:ITIC devices and the

related J-V curves are shown in Figure 2. The PTB7:ITIC devices have an open-circuit voltage

(VOC) of 0.795 V, a short-circuit current (JSC) of 8.99 mA cm−2, a fill factor (FF) of 52.3 %, and a

PCE of 3.73 %. The PTB7-Th:ITIC based devices have a VOC of 0.779 V, a JSC of 14.35 mA cm−2,

a FF of 54.4 %, and a PCE of 6.09 %. The performance of the PTB7-Th:ITIC based devices is

lower  than  those  of  previous  report  (6.80%,  dichlorobenzene as  solvent),  mainly  due  to  the

different solvent in the process.9 The PTB7-Th:ITIC devices show similar VOC’s, and slightly

higher FFs, and significantly higher JSC values than those of PTB7:ITIC. The HOMO level of

PTB7-Th is slightly higher than that of PTB7 (Fig S1 and Table S1), but they show similar VOC in

the devices, indicating the energy loss of PTB7-Th:ITIC is lower. The JSC of OSCs is affected by

many factors, including absorption of the donor and acceptor, charge transport in bulk or between

interfaces, and the morphology of the active layer. PTB7:ITIC and PTB7-Th:ITIC show similar

absorption in blend films (Fig S1), indicating the absorption may not affect JSC in this system.

PTB7-Th shows better hole mobility than PTB7, which will affect device performance.25-26, 53 The



network morphology formed by the donor and acceptor also influences charge transport in the

pure phases or at the D/A interfaces, thus device performance. We note that the efficiencies of

these devices are far from being the highest performers, but the intent of this work is to determine

a detailed morphology-performance relationship to provide guidance for device fabrication in

general. 

Grazing  Incidence  Wide-Angle  X-Ray  Scattering.  GIWAXS  was  used  to  investigate

molecular orientation and packing of PTB7, PTB7-Th, and ITIC neat or blend films processed by

spin-coating  or  solution  casting  routes.54 Two-dimensional  GIWAXS  diffraction  profiles  and

linear cuts of the profiles are shown in Figure 3 and Figure S1. 

Spin-coated PTB7 shows a strong (100) reflection at 0.36 Å–1 in the in-plane direction and a

π-π stacking peak at 1.68 Å–1 in the out-of-plane direction. Spin-coated PTB7-Th shows a strong

(100) peak at 0.30 Å–1 in the in-plane direction and a π-π stacking peak at 1.67 Å–1 in the out-of-

plane direction. Both PTB7 and PTB7-Th have similar diffraction patterns and positions due to

similar chemical structures. The crystallinity and ordering of the spin-coated ITIC films are poor

due  to  the  steric  hindrance  of  the  tetrahexylphenyl  groups  as  peripheral  substituents  of  the

coplanar  backbone.  A weak (100)  reflection  at  0.35  Å–1 in  the  in-plane  direction  and a  π-π

stacking peak at  1.48 Å–1  in  the out-of-plane direction are observed.  These correspond to d-

spacings  of  17.95  Å,  characterizing  the  average  separation  distance  between  adjacent  alkyl

chains, and 4.25 Å, characterizing the average π-π stacking distance between the rigid backbones,

respectively. Spin-coated PTB7-Th neat film shows a slightly larger (100) d-spacing of 20.9 Å



than the 17.5 Å of PTB7 due to the thiophene groups on the side chains. Spin-coated PTB7 and

PTB7-Th  neat  films  have  similar  π-π  stacking  distances  of  3.74  and  3.76  Å,  respectively,

indicating  that  the  thiophene  group  on  the  side  chains  does  not  affect  the  packing  of  the

backbones in the spin-coated films. The d-spacing of π-π stacking peak of the spin-coated ITIC

neat film is 4.25 Å, much shorter than those of PTB7 and PTB7-Th, due to the restriction in the

packing of backbones from the tetrahexylphenyl groups on the side chains.  

In the spin-coated blend films, both the (100) peaks in the in-plane direction of the donors

remain in the same position, indicating the addition of ITIC does not change the packing of the

donors. The (100) peak of ITIC merges with the (100) peak of the donors, making it difficult to

distinguish whether ITIC persists or, possibly, co-crystallizes with the donors. The π-π stacking

peaks of PTB7:ITIC and PTB7-Th:ITIC in the out-of-plane direction are located at 1.75 Å–1 and

1.60 Å–1,  respectively. In comparison to the π-π stacking peaks of the neat films, PTB7:ITIC

shows a slightly closer packing distance of 3.59 Å, in comparison to the 3.74 Å distance for

PTB7, while that for PTB7-Th:ITIC increases from 3.76 Å to 3.93 Å. The position of scattering

peaks in the spin-coating samples are similar to those reported results.9, 55-57 We also calculated

the coherence length from the Scherrer equation58, Lc = 2πK/∆q, where ∆q is the full-width at

half-maximum (FWHM) of the reflection and K is a shape factor (0.9 was used here), evaluating

the crystalline size of the (100) peaks of the donors. The FWHMs of the in-plane (100) peaks for

PTB7, PTB7:ITIC, PTB7-Th and PTB7-Th:ITIC are 0.186 Å–1, 0.127 Å–1, 0.190 Å–1  and 0.184

Å–1, respectively. The coherence lengths of the (100) reflections for PTB7 and PTB7:ITIC are



30.5 Å and 44.6 Å, while the coherence lengths of the (100) reflections PTB7-Th and PTB7-

Th:ITIC are 29.7 Å to 30.7 Å. PTB7:ITIC blend film has larger coherence lengths than that of

PTB7-Th:ITIC, although PTB7 and PTB7-Th has similar coherence length, which is due to the

addition of ITIC. Usually, a smaller π-π stacking distance and larger coherence length would

increase  the  carrier  hopping  between  the  molecules,  thus  enhance  charge  transport  in  bulk.

However, the highly ordered structure tends to pack into larger domain, which is unfavorable for

exciton dissociation at D/A interfaces. 

It  is  worthwhile to compare the morphological features from the spin-coated and as-cast

films in order to connect the detailed molecular information afforded by ssNMR (obtained from

as-cast  films)  to  thin  films  used  for  devices  (obtained  from spin-coated  films).  Recognizing

differences in the structures and morphologies under these different preparation conditions is

essential in transferring information obtained on thicker films, used to get sufficient material to

run NMR, to performance results obtained on the thinner films used in devices obtained by spin

coating or blades coating. As-cast PTB7 shows a weak (100) peak at 0.32 Å–1 in the in-plane

direction with a π-π stacking peak at 1.43 Å–1  in the out-of-plane direction. As-cast PTB7-Th

shows a strong (100) peak at 0.28 Å–1 in in-plane direction and a π-π stacking peak at 1.63 Å-1 in

the out-of-plane direction. The as-cast PTB7 and PTB7-Th are characterized by larger (100) and

π-π stacking distances when compared to the same materials that have been spin-coated. The as-

cast ITIC shows multiple reflections at 0.36 Å–1 and 0.44 Å–1 in the in-plane direction and at 0.52

Å–1 in the out-of-plane direction, indicating the formation of different crystals during slow solvent



evaporation. For the as-cast blend films, the peaks of ITIC are retained in both the in-plane and

out-of-plane directions. The coherent lengths of the reflection at 0.52 Å–1 for ITIC, PTB7:ITIC

and PTB7-Th:ITIC are 119, 192 and 133 Å, respectively. The addition of PTB7 promotes the

crystalline of ITIC, resulting in larger crystal sizes, while the addition of PTB7-Th has negligible

effects.  In  contrast  to  the spin-coated  samples,  all  the as-cast  ITIC-containing samples  show

enhanced  crystallinity  due  to  the  promotion  of  crystal  growth  during  the  slow  solvent

evaporation.  Scattering profiles of as-cast samples in different azimuthal angles is shown in Fig

S7. In as-cast ITIC, the (100) peaks at 0.36 Å–1 arise at low azimuthal angles, while the peaks at

0.52 Å–1 only arise at high azimuthal angles, indicating the orientation of ITIC. When ITIC blend

with PTB7 or PTB7-Th, the orientation of ITIC still retains due to the same trend of two peaks.

Resonant Soft X-Ray Scattering.  RSoXS at the carbon edge was used to investigate the

phase separation behavior of PTB7:ITIC and PTB7-Th:ITIC blend films. The scattering profiles

are shown in Fig 3. The detailed fittings to determine the scattering peaks are shown in Fig S3.

The domain size of the mixture can be estimated from the correlation length and the volume

fractions of the components. The average domain sizes were calculated from the position of peak

2 by d = π/q. The peak 2 in the fitting reveals mesoscale phase separation and dominates in the

scattering profiles.59 The scattering peaks for PTB7:ITIC SP, PTB7:ITIC AC, PTB7-Th:ITIC SP

and PTB7:ITIC AC are 0.0050, 0.0019, 0.0063 and 0.0034 Å–1, respectively. The average domain

sizes of PTB7:ITIC and PTB7-Th:ITIC spin-coated blend films are ~63 and ~50nm, respectively.

The average domain sizes of PTB7-Th:ITIC is a little larger than that of previous report (33 nm,



inverted device, ZnO in the bottom), due to the different transporting layer in the bottom of the

devices.55 The larger coherent length of PTB7:ITIC was observed by GIWAXS, meaning that the

increased ordering tends to form larger domain sizes. Excitons, generated after light absorption,

must  diffuse  to  D/A  interfaces  to  dissociate  into  holes  and  electrons  before  recombination.

Typical exciton diffusion lengths are several tens of nanometers for organic materials and the

domain sizes of PTB7:ITIC and PTB7-Th:ITIC are on the outer limits of the exciton diffusion

length, giving rise to low Jsc and FF values of the OSC devices. In comparison to the spin-coated

blend  films,  as-cast  samples  have larger  average  domain  sizes  ~165 nm for  PTB7:ITIC and

~92nm for PTB7-Th:ITIC due to the enhanced ordering and stronger phase separation behavior

between two domains.  The widths of the interface between the domains,  determined from a

Porod analysis of the data at higher scattering vectors, are relatively sharp at 2.6 and 3.6 nm for

the spin-coated and as-cast PTB7:ITIC films, respectively. The interfacial widths of the spin-

coated  and  as-cast  PTB7-Th:ITIC  films  are  2.0  and  2.7  nm,  respectively.  Interestingly,  the

interfacial widths for the as-cast films are larger than those for the spin-coated films, even though

the ordering also increases. 

Solid-State Nuclear Magnetic Resonance. Due to the large amount of sample required (30

– 50 mg) to generate sufficient signal, all ssNMR studies were conducted on as-cast samples.

Spin-coating  films  are  produced  with  fast  solvent  evaporation  and  high  shear  rate.  Their

morphologies are likely metastable and could evolve during usage when exposed to various light

and  thermal  environments.60 The  morphologies  of  as-cast  samples  are  more  stable,  being



produced in more thermodynamically-favored conditions. Therefore, studies of as-cast samples

may offer useful perspective toward the understanding of the morphological evolution of active

layers. Figure 4 shows the CP/MAS  13C ssNMR spectrum of PTB7, PTB7-Th, and ITIC as-

received samples. The chemical structure of PTB7 and PTB7-Th are very similar, only with a

thiophene substituting the oxygen atom on the benzodithiophene (BDT) side chains in PTB7-Th,

resulting in very similar ssNMR spectra for PTB7 and PTB7-Th. The peaks between 10 and 45

ppm are assigned to the 2-ethylhexyl side chains, while the signals between 105 and 160 ppm

arise from the BDT or thieno[3,4-b]thiophene. The resonance at 76 ppm, not present for PTB7-

Th, arises from the carbon of the 2-ethylhexyl side chains connected to the ether group of PTB7.

For ITIC, the peaks between 10 and 40 ppm are attributed to the alkyl chains, while the peaks

above 110 ppm are from the conjugated backbones. The peaks at 11 and 41ppm are unique to

PTB7 and PTB7-Th, while the peaks at 36 and 140 ppm are unique to ITIC. Those signals are

minimally overlapped with signals from the other component in the blend and can be used to

track relaxation behavior in each ingredient. Most of the small signals between 60 and 90 ppm

and above 170 ppm are spinning sidebands of the backbone signals.

There seemed to be no significant  change of  morphology for  PTB7 and PTB7-Th upon

solvent processing, as evidenced by the similar peak shapes and positions for as-received and as-

cast films (Figure S2). Interestingly, the ssNMR spectra of the as-received and as-cast ITIC are

different,  particularly  in  the  aromatic  region,  which  likely  suggests  that  they  have  different

crystalline lattice geometries. 



Figure  5  shows  CP/MAS  13C  ssNMR  spectra  of  as-cast  ITIC  and  its  blends  with

PTB7/PTB7-Th. The ITIC signals in PTB7:ITIC and PTB7-Th:ITIC show the same positions in

the ssNMR spectrum, suggesting that the ITIC in both blends have the same crystal forms, which

are consistent with the GIWAXS results of the as-cast  films. Benzene has lower boiling point

than that of chlorobenzene, which may induce smaller domain sizes during the coating process

due  to  its  faster  evaporation.  Both  donor  and acceptor  can  also  maintain  good solubility  in

benzene.  Mixed solvents  (chlorobenzene:benzene=1:1)  were  also used  to  process  PTB7:ITIC

films,  named  PTB7:ITIC*,  which  shows  different  peak  positions  for  the  ITIC  component,

indicating that its crystal form was different from the that in the other PTB7:ITIC blend. This

suggests the possible role of solvent in influencing the morphology of the film. This result is

confirmed by WAXS (Fig S3). PTB7:ITIC* shows a peak at 0.45 Å–1 that is slightly more intense

than that  of PTB7:ITIC, indicating the ordering of  PTB7:ITIC and PTB7:ITIC* are slightly

different.

Miscibility between donor and acceptor can be probed by  1H spin diffusion. During  1H T1

and T1ρ relaxations, 1H spin diffusion occurs between neighboring domains, which results in the

averaging of  the  relaxation times between them.  Due to  severe signal  overlap,  relatively  low

signal-to-noise ratios, and low contrast of dynamics between the donor and acceptor, we chose to

study the change of T1 and T1ρ relaxation times rather than using the classical method of creating

a magnetization gradient at the beginning of the spin diffusion process to probe miscibility. If the

relaxation times of donor and acceptor in the blends differ from those in their respective neat



films, domain size information can be qualitatively inferred. 

As the backbones of both the donors and acceptors in the present study are rigid, the driving

force of  the relaxations  arises  from the dynamics  of  the side chains.  The side chains of the

acceptor ITIC are linear alkyl chains, which primarily exhibit a fast crankshaft-type rotational

mode (~ 109 s-1), while those of the donors are branched and thus have an additional slower mode

of rotation around the methine carbon (~ 105 s-1), providing a significant driving force for T1ρ

relaxation.

T1 and T1ρ relaxation times of each component in the blends were measured by 13C detection,

tracking the decays of the signals not overlapping with the other component. T1ρ of the donors

and acceptors in various neat and blend films are listed in Table 2. Several observations can be

made: First, the T1ρ values of different peaks of the same component are similar, despite each

moiety exhibiting different dynamics, indicating that the spin diffusion during spinlock within the

same molecule is efficient. Second, for the blend samples PTB7:ITIC and PTB7-Th:ITIC, both of

which were prepared with chlorobenzene, T1ρ values are very similar to each other, suggesting

reproducibility of the processing condition. A related observation is that the T1ρ relaxation times

of  PTB7  and  PTB7-Th  for  different  processing  conditions  are  similar,  suggesting  that  their

physical  states  are  less  susceptible  to  processing  conditions.  Third,  the  ITIC  component  in

various neat and blend films show a wide variation of T1ρ. This could be due to the different

crystalline forms and/or populations within the ITIC phase, as the dynamics of the side chains

would be different in the amorphous and the various crystalline phases due to different packing.



Finally, T1ρ of donors and acceptors differ significantly except for sample PTB7:ITIC* prepared

in  mixed  solvent  (chlorobenzene:benzene=1:1).  This  is  due  to  (1)  their  different  side-chain

structures, which result in their different intrinsic T1ρ, as discussed above; and (2) the spatial

separation between donor and acceptor is beyond the reach of spin diffusion. The only exception

is sample PTB7:ITIC*, to be discussed in more detail below.

As the strength of 1H-1H dipolar coupling is attenuated during spin lock, spin diffusion may

be more affected by magic angle spinning. To investigate this effect, T1ρ relaxation times were

measured on a PTB7 sample under several spinning speeds. The results are shown in Table S1.

Since the backbone moieties lack dynamics, their intrinsic T1ρ are expected to be long, possibly

greater than 20 ms. The methyl groups of the side chains exhibit high-speed rotations (> 10 9 s-1)

and their intrinsic T1ρs are also expected to be long. However, the experimentally measured values

for all the moieties are within 30% of each other for all spinning speeds, suggesting relatively

efficient spin diffusion within the same molecule. The T1ρ of the backbone aromatic protons and

the methyl groups of the side chains, on the other hand, are still longer than those of other side-

chain  protons  for  all  the  spinning  speeds,  indicating  that  within  several  milliseconds,  spin

diffusion cannot completely average out T1ρ times for all the moieties within the same molecule.

The differences increase with increasing spinning speed due to more substantial attenuation of

the 1H-1H dipolar coupling by magic-angle spinning. 

1H T1 of the donors and acceptors in the neat and blend films are shown in Table S2. Several

observations can be made from these data. The T1 of ITIC in various neat and blend films vary



between 0.6 and 1.7 s. which is likely due to variations of crystalline forms and/or crystallinity.

The T1 of PTB7 in its various neat and blend films are very similar, suggesting that the physical

state of PTB7 is relatively insensitive to processing conditions. This result is consistent with the

observation from the T1ρ and the peak positions data. The T1 of PTB7 and PTB7-Th are very

similar, which is to be expected as it is a result of their identical side-chain chemical structures.

Since 1H T1 of ITIC is highly dependent on its morphology, and some ITIC samples have 1H

T1’s that are very similar to those of PTB7 and PTB7-Th,  1H T1 is not a suitable independent

method to study miscibility between ITIC and PTB7/PTB7-Th. However, the T1ρ of ITIC in all

the samples are significantly different from those of PTB7 and PTB7-Th. Therefore, T1ρ appears

to  be  a  more  useful  tool  to  probe  miscibility.  The  disadvantages  of  using  T1ρ are  that  spin

diffusion during T1ρ relaxation is slower than that during T1 relaxation, & and T1ρ relaxations are

usually fast, often shorter than 20 ms, which means that spin diffusion would not have much time

to reach far, likely less than 5 nm. 

For sample PTB7:ITIC* prepared in mixed solvent, the T1ρ of ITIC is the shortest among all

samples shown in Table 2, while the T1ρ of PTB7 is longest among all samples. The difference

between the T1ρ of ITIC and PTB7 components for this sample is the smallest among all the

blend samples. These results suggest that there is likely a partial miscibility between ITIC and

PTB7. Although the short T1 of ITIC in this sample could be due to other factors, such as a

smaller crystallinity, such an alteration of dynamical behavior as compared to its neat state is

most likely due to  the disturbance introduced by the presence of PTB7 in a close proximity



(likely < 10 nm).

Assessment of the crystallinity of non-fullerene acceptors is challenging for GIWAXS due to

the broad diffraction peaks and for ssNMR due to the severe signal overlap.  1H T1 relaxation

times might offer some insights here. As the crystalline domains of acceptors are expected to be

small (e.g., < 20 nm), the crystalline and amorphous components of an acceptor are expected to

have the  same  1H T1,  due  to  efficient  spin  diffusion,  as  is  the case for  most  semicrystalline

polymers. The apparent T1 will be the weighted average of the intrinsic T1’s of the crystalline and

amorphous fractions. Therefore, the variations of T1 of ITIC as observed in Table S2 are likely

due  to  variations  of  crystallinity,  from  which  crystallinity  information  may  be  extracted.  A

detailed study of this problem would be of future interest. 

Comparing X-ray scattering and ssNMR data,  we find that the ordering behavior of neat

PTB7  and  PTB7-Th  is  insensitive  to  process  conditions,  showing  similar  peak  positions  in

GIWAXS and ssNMR spectra under different processing conditions.  Neat ITIC, on the other

hand, shows process-dependent ordering. As-cast ITIC has numerous reflections in the GIWAXS

and sharper peaks in the backbone region of the ssNMR, indicating an enhanced ordering during

solvent  casting.  The  ordering  of  ITIC  increases  upon  blending  with  PTB7,  as  observed  by

GIWAXS,  though  the  ssNMR  does  not  show  distinct  changes,  which  is  likely  due  to  its

insensitivity to longer-range order. As-cast ITIC show obvious orientation in both pure and blend

samples by GIWAXS, which cannot be detected by ssNMR due to the random orientation of the

film  samples  in  the  rotor.  T1ρ of  PTB7:ITIC*  suggests  a  likely  partial  miscibility  of  the



components (<10 nm), which is detrimental to device performance (Fig 4. and Table S4), due to

low carrier mobility between D/A interfaces. 

CONCLUSIONS

We fabricated organic solar cells base on PTB7/PTB7-Th:ITIC, which show standard device

performance. The morphology of PTB7/PTB7-Th:ITIC pure or blend films processed in different

conditions were investigated by GIWAXS, RSoXS and ssNMR. GIWAXS is a tool to understand

the molecular ordering and orientation of the films. PTB7 and PTB7-Th show similar molecular

ordering under different  process conditions.  X-ray diffraction showed that  the crystallinity of

ITIC was higher for the as-cast samples than the spin-coating ones. The addition of PTB7 also

promotes the crystallization of ITIC. RSoXS is used to investigate the phase separation behavior

of blend films. The as-cast samples have larger domain sizes than those of spin-coated samples,

due to slow solvent evaporation. The domain size of PTB7:ITIC is larger than that of PTB7-

Th:ITIC,  which  lowers  the  device  performance.  CP/MAS  ssNMR  measurements  revealed

polymorphism of ITIC in both neat and blend films. Miscibility between donor and acceptor was

probed  by  1H  spin  diffusion.  T1ρ relaxation  for  PTB7:ITIC*,  prepared  with  a

chlorobenze/benzene mixed solvent, showed partial miscibility between ITIC and PTB7, which

likely contributed to a lower device performance. 
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Scheme 1. Chemical structure of PTB7, PTB7-Th, and ITIC.



Figure 1. J−V curves of optimized devices based on PTB7:ITIC and PTB7-Th:ITIC.





 

Figure 2. 2D GIWAXS patterns of a) ITIC SP, b) PTB7:ITIC SP, c) PTB7-Th:ITIC SP, d) ITIC

AC, e) PTB7:ITIC AC and f) PTB7-Th:ITIC AC; g) scattering profiles of in-plane and out-of-

plane for ITIC, PTB7:ITIC and PTB7-Th:ITIC. SP:spin-coating; AC: as-cast.



Figure 3. RSoXS profiles of PTB7:ITIC and PTB7-Th:ITIC blend films. SP:Spin-coating; AC:

As-cast.



Figure 4. The CP/MAS 13C ssNMR spectrum of PTB7, PTB7-Th, and ITIC as received samples.

Spinning sidebands are marked with a “*”.

Figure 5. (a) The CP/MAS 13C ssNMR full spectrum and amplified spectrum in the (b) aromatic

region  or  (c)  aliphatic  region  of  ITIC  PTB7:ITIC,  PTB7:ITIC*  and  PTB7-Th:ITIC as-cast

samples. Spinning sidebands are marked with a black “*”.



Table 1. Performance of the Optimized OSC Devices Based on PTB7:ITIC and PTB7-Th:ITIC.

Active layer
VOC

a

(V)

JSC
a

(mA cm–2)

FFa

(%)

PCEa

(%)

PTB7:ITIC
0.797±0.001

(0.795)
8.74±0.24

(8.99)
51.8±1.2

(52.3)
3.61±0.07

(3.73)

PTB7-Th:ITIC
0.783±0.002

(0.779)
14.05±0.21

(14.35)
52.8±0.4

(54.4)
5.81±0.04

(6.09)
a Average values with standard deviations were obtained from over 10 devices. The values in

parentheses are the parameters from the best device.

Table 2. T1ρ  relaxation times (ms) of as-cast PTB7, PTB7-Th, and ITIC in the neat and blend
films. All the decays were fitted with single-exponential  models.  The error bars are 1-sigma
fitting errors.

Donora Acceptorb

Samples/ms 11 ppm 24 ppm 41 ppm 124 ppm 133 ppm 23 ppm 36 ppm 140 ppm

PTB7 3.5±0.2 2.8±0.1 2.5±0.1 3.5±0.2

PTB7-Th 1.3±0.1 2.3±0.2

PTB7:ITIC 3.9±0.1 2.9±0.1 11.2±0.8 15.3±0.3

PTB7:ITIC* 4.9±0.5 3.0±0.2 5.7±0.6 7.8±0.4

PTB7-Th:ITIC 3.3±0.2 1.4±0.2 10.9±0.9 13.4±0.2

ITIC 9.5±0.6 9.3±0.4 10.8±0.3

a The signals are from PTB7 or PTB7-Th; b The signals are from ITIC. PTB7:ITIC* was

processed from mixed solvent (chlorobenzene:benzene=1:1); Other samples were processed

from pure chlorobenzene.
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