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Crystal Structure and Orientation of Organic Semiconductor Thin 
Films by Microcrystal Electron Diffraction and Grazing-Incidence 
Wide-angle X-ray Scattering 
Andrew M. Levinea,b,c, Guanhong Bud,e, Sankarsan Biswasa,b,c, Esther H. R. Tsai*f, Adam B. 
Braunschweig*a,b,c , and Brent L. Nannenga*d,e 

 

We use microcrystal electron diffraction (MicroED) to determine 
structures of three organic semiconductors, and show that these 
structures can be used along with grazing-incidence wide-angle X-
ray scattering (GIWAXS) to understand crystal packing and 
orientation in thin films. Together these complimentary techniques 
provide unique structural insights into organic semiconductor thin 
films, a class of materials whose device properties and electronic 
behavior are sensitively dependent on solid-state order. 

Organic semiconductor films are active components in a 
number of electronic devices, including organic field effect 
transistors (OFET)1 and organic photovoltaics (OPV)2, because 
they conduct electricity in response to charge injection or 
irradiation with light. The optoelectronic responses of these 
devices are sensitively dependent upon the packing geometry 
of the organic semiconductors in their active layers3, so solving 
their crystal structure is essential for understanding and, 
ultimately, predicting device properties, such as charge 
transport mechanism, mobility, and conductance. 
Determination of molecular packing and orientation, however, 
can be challenging because of the difficulty in crystallizing 
samples with sufficient dimensions necessary (> 1x103 μm3) for 
conventional single crystal X-ray diffraction (XRD) techniques, 
and these data still do not provide information about crystallite 

orientation and alignment within the device active layer film. 
Therefore, there is a need for new methods for high-resolution 
structure determination that can be carried out on the small 
crystallites typically found in synthesized samples and a way for 
determining whether these same unit cell structures are 
prevalent in the thin films used in the active layers of devices. 
 Microcrystal electron diffraction (MicroED) is an emerging 
method for the collection of electron diffraction data from 
crystallites several orders of magnitude smaller than what is 
required for single crystal XRD experiments4. This method 
bypasses additional crystallization steps, which can often be 
difficult and time consuming, thereby facilitating rapid structure 
determination. Recently, MicroED has been extended to the 
study of small organic molecules from nanocrystalline 
powders5, but this technique has still not been adopted widely 
for analyzing organic semiconductors.  Here we apply MicroED 
for the structural determination of three organic 
semiconductors of the rylene and diketopyrrolopyrrole (DPP) 
classes. The molecules investigated are two rylene bisimides6, 7 
– dipyrrolodine perylene diimide (dPyr PDI)8, 9 and dicyano 
naphthalene diimide (dCN NDI)10 – and a diketopyrrolopyrrole 
(dDPP)11, all of which have been explored previously in the 
context of organic optoelectronic devices. The successful 

determination of these three structures from unrefined 
powders demonstrates the facility with which this technique is 
applied to organic semiconductors and is therefore ideal for 
deriving structure-activity relationships in a class of compounds 
whose desirability is based upon properties that arise from the 
relative spatial arrangement in the solid state. Grazing-
incidence wide-angle X-ray scattering (GIWAXS) was used to 
determine if the films and the crystals possess the same unit cell 

a. Nanoscience Initiative, Advanced Science Research Center, Graduate Center, City 
University of New York, 85 St. Nicholas Terrace, New York, NY 10031, USA.  

b. Department of Chemistry, Hunter College, 695 Park Avenue, New York, NY 10065, 
USA. 

c. Ph.D. Program in Chemistry, The Graduate Center of the City University of New 
York, New York, NY 10016, USA. 

d. Chemical Engineering, School for Engineering of Matter, Transport, and Energy, 
Arizona State University, Tempe, AZ 85287, USA. 

e. Center for Applied Structural Discovery, The Biodesign Institute, Arizona State 
University, Tempe, AZ 85287, USA. 

f. Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, NY 
11973, USA. 

† Footnotes relating to the title and/or authors should appear here.  
Electronic Supplementary Information (ESI) available: Procedures and details of 
synthesis, sample preparation, data collection, data processing, and crystallographic 
information. CCDC 1963919, 1963921, and 1963922 for dPyr PDI, dCN NDI, and 
dDPP, respectively. See DOI: 10.1039/x0xx00000x 



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

and also add detail such as packing orientation with respect to 
the substrate. Together, these techniques offer a full picture of 
how organic semiconductors organize in thin films, and this 
work is a model for how a more complete understanding of 
organic thin film behavior can be achieved. 
 The first sample we analyzed by MicroED and GIWAXS was 
dPyr PDI because its structure had been determined previously 
by conventional single crystal XRD, and as such, this sample was 
appropriate for validating our experimental approach. dPyr PDI 
was synthesized following previously reported methods9, and 
TEM grids were prepared by drop-casting from 10 mM toluene 
solutions (see Supporting Information). When the grids were 
imaged in the TEM, they were found to contain nanocrystalline 
material (Figure 1A). Crystallites that were well separated from 
other crystals and diffracted well (clear and sharp diffraction 
spots that extend to high-resolution) were used to collect 
continuous rotation MicroED data sets at 300 kV and a total 
dosage of approximately 5 e‒/Å2 (see Supporting Information)12. 
It is important to note that the crystals used for MicroED were 
estimated to be on average 0.8 μm ⨯ 0.3 μm ⨯ 0.1 μm, which 
is approximately 4 ⨯104 times smaller in volume than what was 
initially used for X-ray structure determination by single crystal 
methods. Diffraction data extended to approximately 0.60 Å 
(Figure 1B). Diffraction data from three dPyr PDI crystallites 
were merged together for the final data set, and the structure 
was determined by direct methods. The MicroED structure of 
dPyr PDI (Figure 1C, D) is nearly identical to that determined by 
single crystal XRD with a Cc space group and deviations of 
0.68%, 1.01%, 0.64%, and 0.55% between the MicroED and X-
ray data sets for a, b, c, and β, respectively. Unlike the 
herringbone pattern commonly seen in the molecular packing 
of rylenes7, 13, the packing in dPyr PDI is cofacial, asymmetric, 
and slip-stacked. This may be caused by steric crowding 

imposed by the pyrrolidine groups, which causes bowing and 
prevents the H-bonding between the imide groups that is 
typically seen in herringbone packing of rylenes. 
 GIWAXS data were collected on dPyr PDI films that were 
drop-casted onto glass slides to further corroborate the unit cell 
determined by MicroED, confirm the unit cell observed in the 
crystallites matches the packing in the films, and determine if 
they lie on the substrate with a preferred orientation. The 
scattering pattern is composed of well-defined, radially uniform 
rings, which indicates a crystalline sample with no preferential 
orientation with respect to the glass substrate (Figure 1E). dPyr 
PDI GIWAXS data was compared with the MicroED solved 
structures by generating a simulated dPyr PDI powder pattern 
of the MicroED structure using CrystalDiffract, and this pattern 
was then compared to the GIWAXS 1D integrated intensity 
versus q (Figure 1F). The two data sets are in good agreement, 
with all peaks on the simulated spectrum mapping onto peaks 
in the GIWAXS data. This match between MicroED and GIWAXS 
data confirms that the solved unit cell is what is prevalent in 
films and provides a pathway for identifying unit cell structure 
and orientation in device-related films.  
 Subsequently, MicroED was applied to solving the 
previously unknown crystal structure of dCN NDI, a naphthalene 
diimide, which is increasingly adopted in OFETs7, 14 as an air-
stable, n-type semiconductor because of its low lying LUMO10, 

15. dCN NDI was synthesized following previously reported 
methods10, and 10 mM toluene solutions were drop-casted 
directly onto TEM grids for MicroED interrogation (Figure S1). 
Crystallites of dCN NDI diffracted beyond 0.6 Å in some cases 
(Figure S2). Because dCN NDI crystals showed a preferred 
orientation on the grid, 8 crystals in total were merged to obtain 
a data set at 71.5% overall completeness at a resolution of 0.57 
Å. Despite the relatively low completeness of the data, the 

 
Fig. 1. Determination of dPyr PDI structure and film packing. (A) TEM micrograph of dPyr PDI crystallites with circles indicating particles selected for 
further analysis. Scale bar is 2 μm. (B) MicroED diffraction pattern of dPyr PDI crystallites extending to 0.60 Å. (C, D) Unit cell (box) of solved crystal 
structure with asymmetric Cc space group packing, single molecule of dPyr PDI shown in green. Pyrrolidine substituents on adjacent molecules form an 
alternating π-stacked structure where dPyr PDI molecular planes are 6.74 Å apart when separated by pyrrolidine groups and 4.01 Å when not. Atom 
colors: C, grey; N, blue; O, red. H have been omitted for clarity. (E) GIWAXS scattering pattern of dPyr PDI drop-casted thin film on glass slide shows no 
preferred orientation with respect to the substrate. (F) Overlay of GIWAXS 1D integrated intensity (black) and CrystalDiffract simulated powder pattern 
(blue) generated from MicroED determined unit cell. 
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structure of dCN NDI was determined (R1/wR2 = 
0.1690/0.3919), and it organized into a herringbone motif 
(Figure 2). The structure of the dCN NDI is arranged such that 
there are H-bonds formed between the carbonyl and amide 
groups of adjacent molecules (Figure 2C), such that each dCN 
NDI makes a total of 4 H-bonds with 4 other adjacent molecules. 
dCN NDI films for GIWAXS analysis were prepared on glass slides 
via thermal evaporation. Although drop casting of suspended 
dCN NDI crystallites gave satisfactory samples for TEM MicroED 
analysis, dCN NDI is not readily soluble in common organic 
solvents, so thermal evaporation was used to create smoother 
films with better GIWAXS resolution. Though different 
substrates and deposition methods were used, simulated 
powder data from the crystal structure matched well with the 
GIWAXS data (Figure S6). The X-ray scattering pattern (Figure 
S5) shows preferential out-of-plane orientation, perpendicular 
to the substrate, along the (113�) plane and minor orientation 
along (100), (102�), and (112�). π-stacking in dCN NDI occurs 
either parallel or 60° to the substrate (Figure 2B).  
 The third compound that we analyzed, dDPP, whose crystal 
structure has not been previously determined, was studied 
because it has been shown to undergo singlet fission (SF) with 
high yields and lifetimes in films.8 SF is highly influenced by 
packing geometry16, and in our previous study the lack of a 
crystal structure impeded our ability to correlate SF yields and 
lifetimes to solid state packing. dDPP possesses a 
diketopyrrolopyrrole core, chiral alkyl side chains extending off 
the core Ns, and diamidopyridine (DAP) moieties added to 
provide H-bonding to adjacent molecules. For dDPP, MicroED 
data from 7 crystals were collected and merged together to 
produce a final refined structure at 0.90 Å (Figure 3A) with a 
P21/n point group. In the solved crystal structure, H-bonding 
between neighboring dDPPs occurs between only one of the 
amide groups of the DAP substituents (Figure 3B), a 
supramolecular interaction we have observed previously17. The 
DAP•••DAP H-bonding arrangement in dDPP has similar H-
bond angles and distances as in the previously reported 
structure of mDPP, which contains one DAP group instead of 
two, and whose crystal structure has been previously solved 
using conventional single crystal methods.17  
 dDPP films for GIWAXS analysis were prepared on glass 
slides via drop-casting from 10 mM toluene solutions. The 

scattering pattern (Figure S5) shows preferential out-of-plane 
orientation along the (011) (Figure 3A), (012), and (013) planes, 
which orient close together. This geometry places the a-axis, 
the direction of π-stacking, in a preferred orientation that is 
parallel to the substrate. Though dDPP GIWAXS data and 
powder pattern generated from MicroED unit cells possess 
similar shape (Figure S6), the first and third major peaks of the 
simulated pattern are shifted slightly toward larger 2θ, whereas 
the second major peak of the simulated data is in very good 
agreement with the GIWAXS pattern. The first peak in the 
simulated pattern is actually composed of two overlapping 
peaks, which correspond to (002) and (011). The second and 
third peaks in the simulated data correspond to (012) and (013), 
respectively. Because the subtle mismatches between the 
simulated MicroED powder patterns and the GIWAXS data are 
all in 0kl, we hypothesize that there is some variation in the b 
and c axes of the crystals in films deposited on glass substrates 
compared to crystallites deposited on continuous carbon TEM 
grids, and these differences may be caused by interactions with 
the substrate during crystallization. This is reasonable 
considering the a-axis falls along the dDPP π stacking direction 
and is likely invariant, while b and c axes may vary because of 
different possible packing arrangements along the flexible alkyl 
chains (Figure S3C and D). Because peaks where h is non-zero 
are not prominent in either the simulated MicroED powder or 
the GIWAXS data, we are unable to independently determine 
the nature of any changes in the packing along the a-axis. This 
highlights an important caveat to MicroED and all single crystal 
XRD methods, which is that typically only the best diffracting 
crystals are chosen for data collection and further analysis, 
though they may represent just one of multiple polymorphs in 
a sample; therefore, care must be taken to investigate many 
crystallites to build more reliable data sets. This demonstrates 
the importance of combining other methods with MicroED, 
such as GIWAXS, as we have done here, to understand film 
packing.  
 In conclusion, MicroED was used to determine structures 
from nanocrystalline organic semiconductors, circumventing 
the need to grow larger crystals for X-ray diffraction studies. 
MicroED can be a valuable tool when used in combination with 
GIWAXS to construct a 3D representation of packing within 
films. In the case of both dPyr PDI and dCN NDI, the packing in 

 
Figure 2. MicroED solved dCN NDI structure. Unit cell (box) perspective along (A) b-axis and (B) solved dCN NDI crystal structure, which shows 
herringbone packing, P21/c space group, and a preferred (113�) out-of-plane orientation with respect to the substrate. π-stacking, defined as the distance 
between molecular planes, is 3.20 Å and parallel or 60° with respect to the substrate. Single molecule of dCN NDI shown in green. (C) H-bonding between 
O and N–H on adjacent dCN NDI molecules are uniformly 1.85 Å and 175.15°. Atom colors: C, grey; N, blue; O, red; H, white. H have been omitted from 
(A) and (B) for clarity. 



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

crystallites and films matched well. dDPP possessed a slight 
mismatch, which teaches us that care that must be taken when 
correlating crystals and films.  Future investigations will involve 
absolute structure determination through modeling dynamic 
scattering18 and multicomponent supramolecular crystals8, 17. 
With continued development, the application of electron 
diffraction methods, particularly in combination with GIWAXS, 
promises to become even more powerful and ubiquitous tool 

for organic and materials chemistry. 
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