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Abstract: 

 Transmission electron microscopy can resolve the atomic structure of materials with 0.5 Å 

resolution. High resolution transmission electron microscopy (HRTEM) of soft materials, 

however, is limited by beam damage. We characterized damage in a series of conjugated polymers 

comprised of poly(3-hexylthiophene-2,5-diyl) (P3HT), poly(3-dodecylthiophene-2,5-diyl) 

(P3DDT), and poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3’’’-di(2-octyldodecyl)-

2,2’;5’,2’’;5’’,2’’’-quaterthiophene-5,5’’’-diyl)] (PffBT4T-2OD) by monitoring the decay of 

electron diffraction peaks as a function of dose rate, beam blanking, and temperature. We also 

measured the decay of low-loss electron energy loss spectra as a function of dose rate. These 
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damage experiments suggest that the dominant mechanism of beam damage in conjugated 

polymers is the diffusion of a reacting species generated from ionization, likely of side chains.  

Elucidating a mechanistic description of radiation effects leads to imaging protocols that can 

minimize damage, which enables the direct imaging of 3.6 Å π-π stacking in a solution-processed 

conjugated polymer (PffBT4T-2OD), improving state-of-the-art resolution of this class of 

materials by an order of magnitude.  
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Introduction 

 Recent advances in instrumentation have led to transmission electron microscopes with 0.5 

Å resolution.1 High resolution transmission electron microscopy (HRTEM) of soft materials, 

however, is limited by beam damage.2-6 The limits of beam damage have been overcome in the 

structural characterization of proteins through single-particle cryo-EM, which generates 

reconstructions from hundreds of images of tens of thousands of identical particles present in 

different orientations.7-9 For example, the structure of αβ-tubulin was solved with 3.5 Å 

resolution10 and protein complexes such as β-galactosidase with an inhibitor were solved at 2.2 Å 

resolution.11 This approach has also been employed on nanosheets of a peptoid polymer with ca. 

2 Å resolution.12 Less ordered soft materials, however, cannot be imaged in this way.4  

 Some polymers have been imaged at sub-nanometer resolution using HRTEM, such as 

through micrographs that reveal defects within poly(p-phenylenebenzobisthiazole) (PBZO) fibers 

packing at 3.5 Å13 and images of local variations in crystallite orientation in poly(p-phenylene 

vinylene) PPV packing at 4.3 Å.14 While the fully aromatic chemical structure of these polymers 

makes them more resistant to beam damage,4, 15-17 the majority of polymers are dominated by C-

H bonds that limit their radiation resistance. For example, the application of HRTEM to solution-

processable conjugated polymers, which inherently have alkyl side chains, has been limited to the 

ca. 2 nm lamellar alkyl stacking corresponding to the (100) reflection. HRTEM of poly(3-

hexylthiophene-2,5-diyl) (P3HT) reveals how P3HT crystals are ordered within fibrils.18  Recent 

studies have also imaged highly ordered lamellar nanostructures and overlapping domains of 

poly([N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-

bithiophene)) (PNDI2OD-T2),19 as well as the effect of alkyl side chains on intercrystallite 

ordering in poly(benzo[1,2-b:4,5-b′]dithiophene−thieno[3,4-c]pyrrole- 4,6-dione) (PBDTTPD).20  
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Nevertheless, the extent of connectivity of - stacked regions, which is important for charge 

transport,21-25 is not resolvable.  

Despite the significant progress that TEM has enabled by resolving the ca. 2 nm (100) 

spacings of solution-processable conjugated polymers, imaging the ca. 4 Å π-π spacing 

corresponding to the (010) reflection remains a challenge. This limitation, which has prevented the 

study of a key pathway for charge transport, is due to the inherently low contrast and beam 

sensitivity of soft materials. Contrast and sensitivity to the beam are related because the latter limits 

the number of electrons that can be used for imaging. The number of electrons Q incident on an 

area d2 will be Q = Jd2, where d is the smallest resolvable feature size and J is the electron dose. 

The contrast between domains must be greater than the noise, which is √𝑄/𝑄 or, equivalently, 

1/√𝐽𝑑2.2, 26 As such, the low contrast often found in soft materials under the TEM and sensitivity 

to the electron beam limits imaging resolution.  

Although the primary processes of radiation damage in soft materials are known to be 

ionization and excitation, the secondary processes that follow are complex and, consequently, the 

effects of damage at different imaging conditions is not well understood.17, 27-29 Electron energy-

loss spectroscopy (EELS) damage experiments using the 7 eV π-π* peak of polystyrene, for 

example, revealed that π bonding is more stable at high dose rates, which was rationalized by the 

idea that damage occurs via fast secondary electrons that cause damage outside the area illuminated 

by the beam.30 EELS experiments on thin films of collodion, however, first show an increase and 

then a decrease in stability with increasing dose rate.  This was attributed to diffusion-limited 

damage at lower dose rates and local heating from the beam at higher dose rates.31 Conversely, a 

more recent diffraction damage study of a polymer/fullerene blend suggests that there is no dose 

rate dependence on beam damage.32 Beam damage studies of derivatives of polydiacetylene 
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suggest that damage occurs through cross linking.33 In synchrotron X-ray scattering experiments, 

it has been suggested that protein crystals are damaged through the diffusive motion of radicals 

and groups of atoms.34 Because beam damage limits the achievable resolution in HRTEM of soft 

materials, it is important to elucidate the key factors that govern damage mechanisms, to then 

develop approaches for minimizing damage. 

In this work, we use a systematic study of conjugated polymers to examine the mechanism 

for beam damage. The use of conjugated polymers allows us to study beam damage effects on both 

the crystal structure and chemical structure. We calculate critical dose from the decay of diffraction 

peaks (damage to crystals) as a function of dose rate, temperature, and beam blanking. We also 

calculate the critical dose for damage from the decay of low loss electron energy loss spectroscopy 

peaks (bonds breaking) as a function of dose rate. Our results show that damage occurs through 

the diffusion of a reacting species generated by exposure to the beam; we hypothesize that 

ionization of side chains is the main culprit. This insight suggests conditions most suitable for 

imaging beam-sensitive materials, and we successfully use these conditions to directly image the 

3.6 Å π-π stacking in a solution-processed conjugated polymer.  

 

Materials and Methods 

TEM sample preparation: For diffraction experiments, 10 mg/mL solutions of PffBT4T-2OD (8.8 

kg/mol, Ð of 1.068, Solarmer), P3HT (50.9 kg/mol, Ð of 2.23, 96% H-T regioregularity, Merck), 

and P3DDT (60.0 kg/mol, regioregular, Sigma-Aldrich) were made with chlorobenzene (Sigma-

Aldrich) in a nitrogen glove box and stirred for a minimum of 10 hours at 45°C. For imaging 

experiments, the concentration was reduced to 3 mg/mL to avoid overlapping crystals. Silicon 

wafers were cleaned through sonication for 20 minutes in acetone and 20 minutes in isopropanol 
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followed by 15 minutes of ultraviolet light ozonation. PEDOT:PSS (Clevios P, H.C. Starck) was 

spin-coated onto the silicon wafers in air, after which the polymer of interest was spin-coated onto 

the PEDOT:PSS film inside a nitrogen glove box. Films were floated off in deionized water and 

then picked up with copper TEM grids. Samples were dried overnight at room temperature under 

vacuum and then annealed in a nitrogen glove box. P3HT samples were annealed at 165°C for 3 

hours and P3DDT and PffBT4T-2OD samples were annealed at 130°C for 1 hour. Diffraction 

samples are ca. 90 nm and imaging samples are ca. 30 nm thick.  

 

Critical dose diffraction experiments: Diffraction experiments were carried out on the FEI Tecnai 

G20 XTWIN at the Penn State Materials Characterization Lab operating at 200 kV with a Gatan 

UltraScan CCD. Dose rate was determined using the fluorescent screen current, which was in 

agreement with counts measured at the camera with Digital Micrograph provided that the beam is 

spread larger than the fluorescent screen (Figure S1). Dose rates were measured in areas of 

vacuum in the sample, after which a selected area aperture and beam stop were inserted and 

diffraction patterns were collected on the sample with 1s exposure times at 3s intervals using the 

Digital Micrograph Acquire Series plug-in. A camera length of 330 mm was used. For cryogenic 

experiments (ca. 93 K), a Gatan 626 Cryo TEM holder was used. 300kV diffraction experiments 

at cryogenic conditions (ca. 83 K) were carried out on the Titan Krios at the Penn State Materials 

Characterization Lab with a Falcon 3ec direct electron detector. Diffraction patterns were collected 

manually using a timer.  

 

Critical dose electron energy-loss spectroscopy (EELS) experiments: EELS experiments were 

carried out on the TEAM 0.5 at the National Center for Electron Microscopy, Lawrence Berkeley 
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National Laboratory operating at 80 kV in diffraction mode. 80kV is used because scattering cross 

section scales linearly with the inverse of the accelerating voltage; thus, low-loss signal is more 

apparent at 80kV than at higher accelerating voltages. The microscope was equipped with a gun 

monochromator resulting in ~0.1-0.15 eV energy resolution. A GIF Tridiem filter was used with 

a 2.5mm aperture. A screen current of around 1 nA was used and beam size was varied to change 

dose rate. Times series of low-loss EELS peaks were acquired using PEELS View in TIA. 

 

High-resolution TEM: High-resolution imaging experiments were conducted on the Titan Krios at 

the Penn State Materials Characterization Lab operating at 300kV with a Falcon 3ec direct electron 

detector in counted mode (without dose fractionation due to a short exposure time, unless 

otherwise noted). Dose rate was measured with EPU software using the direct electron detector. 

Grids with experimental samples were cooled to liquid nitrogen temperature (ca. 83 K) inside the 

autoloader. The microscope was operated in nanoprobe mode with a spot size of 5 and an 

illuminated area of 0.65 µm at a magnification of 470,000x. We used a dose rate of 75 e/Å2s and 

an exposure time of 1.07s (unless otherwise noted). We used an applied defocus of -1.00 µm. No 

camera pixel binning was used (binning of 1).   

 

Results  

 We quantitatively characterize beam damage in a series of conjugated polymers (chemical 

structures shown in Figure 1a) by calculating critical dose (DC) values from the decay of electron 

diffraction peaks. This is done by collecting a series of electron diffraction patterns at a 

predetermined dose rate. As show in Figure 1b, the π-π diffraction ring fades away as dose is 

accumulated and the crystal structure is damaged. Each diffraction pattern is azimuthally 
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integrated (Figure 1c) and the background subtracted intensity of the π-π peak is plotted as a 

function of accumulated dose (Figure 1d), revealing an exponential decay. DC, which is defined 

as the electron dose at which the intensity drops to 1/e of its initial value, can then be calculated 

by taking the inverse of the decay rate, as described by equation 1 

 𝐼 = 𝐴 exp (−
𝐷

𝐷𝑐
) + 𝐼𝑏 (1) 

 

where I is the diffraction peak intensity, A is an exponential prefactor, D is the accumulated dose, 

and Ib is the background intensity. A higher critical dose therefore corresponds to increased 

stability under the electron beam. 
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Figure 1. Example of critical dose (DC) calculation (using PffBT4T-2OD at 1 e/Å2s). (a) 

Chemical structures of polymers used in this study.  (b) Electron diffraction patterns at low and 

high electron dose, showing loss of diffraction ring (damage of crystal structure) caused by 

continuous exposure to the electron beam. (c) Azimuthally-integrated electron diffraction 

corresponding to various accumulated doses, showing a decrease in diffraction peaks with 

increasing electron dose. (d) Peak intensity (background subtracted, not normalized) plotted 

against accumulated dose showing exponential decay and fit. 

 

 We calculated the critical dose for poly(3-hexylthiophene-2,5-diyl) (P3HT), poly(3-

dodecylthiophene-2,5-diyl) (P3DDT), and poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-

(3,3’’’-di(2-octyldodecyl)-2,2’;5’,2’’;5’’,2’’’-quaterthiophene-5,5’’’-diyl)] (PffBT4T-2OD). We 

characterized damage as a function of dose rate in the dose rate range of 1 e/Å2s to 10 e/Å2s at 

room temperature (Figure 2) and observe that critical dose increases with increasing dose rate. 

Across the full dose rate range, we also see that critical dose decreases as we go to longer and more 
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branched side chains. Although the dose rate is often not reported, we note that our values for DC 

are consistent with previous results (DC for P3HT of 16 – 32 e/Å2).35, 36  

 

 We also investigated the effect of beam blanking on the critical dose of P3HT at 1 e/Å2s at 

room temperature (Figure 3). When the beam is not blanked, as in the previous set of experiments, 

the sample is exposed to the beam throughout the entire acquisition of diffraction patterns, even 

when an exposure is not taking place. During the beam blanking experiment, the beam is blanked 

in between exposures (Figure 3a). We observe that beam blanking reduces the critical dose, 

similar to reducing the dose rate. Blanking for longer periods of time results in increasingly lower 

critical doses. This experiment demonstrates that damage is happening even in the absence of 

irradiation. 
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Figure 2. Critical dose for beam damage at room temperature as a function of dose rate for 

P3HT, P3DDT, and PffBT4T-2OD at 200kV. Critical dose increases with increasing dose 

rate. Overall, critical dose decreases for polymers with longer and more branched side chains.  



11 

 
Figure 3. Beam blanking experiments of P3HT at 1 e/Å2s at 200kV. (a) Schematic depicting 

experimental set-up. Without beam blanking, the sample is exposed to the beam throughout the 

entire series of diffraction patterns. With beam blanking, the beam is blanked between 

exposures. (b) The critical dose decreases with beam blanking, and blanking for longer periods 

of time results in increasingly lower critical doses. 

 

 We also calculated the critical dose of P3HT, P3DDT, and PffBT4T-2OD at cryogenic 

conditions at a dose rate of 1 e/Å2s. For all three polymers, the critical dose increases almost an 

order of magnitude from room temperature to cryogenic conditions (Figure 4a). At cryogenic 

conditions, the three polymers roughly have the same critical dose (differences in critical dose 

between polymers are less pronounced than at room temperature). We also calculate the critical 

dose for PffBT4T-2OD at cryogenic conditions at a range of dose rates (Figure 4b) at both 200kV 

and 300kV. We find that the dose rate dependence that was observed at room temperature is no 

longer seen and that the effect of accelerating voltage is negligible under cryogenic temperatures. 
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Figure 4. Beam damage at cryogenic conditions. (a) Critical doses of PffBT4T-2OD, P3DDT, 

and P3HT at 1 e/Å2s at room temperature and cryogenic conditions at 200kV. At cryogenic 

conditions, the critical dose increases almost an order of magnitude. (b) Critical dose of 

PffBT4T-2OD at cryogenic conditions as a function of dose rate. At cryogenic conditions, the 

dose rate dependence is not as prevalent as at room temperature and critical dose at 200kV and 

300kV are similar. 

 

 An advantage of characterizing damage in conjugated polymers is that in addition to 

measuring damage with diffraction, we can also measure damage using electron energy-loss 

spectroscopy (EELS). Here, our low loss signal comes from the electronic structure of the 

conjugated polymer and can be used to track damage to chemical bonds (Figure S2a). We observe 

the same trend as in diffraction experiments: critical dose increases with increasing dose rate 

(Figure S2b).  
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Figure 5. HRTEM of PffBT4T-2OD showing a region with both 2.2 nm (100) lattice fringes 

and 3.6 Å π-π stacking. FFT in inset shows arcs at 2.81 1/nm corresponding to the π-π stacking. 

Green and blue insets show magnified π-π stacks.  

 

 The advent of new instrumentation and software, particularly those intended for biological 

samples, offers new opportunities for imaging of polymers. Here, we take advantage of a direct 

electron detector and automated acquisition software and combine them with new insights from 

our beam damage experiments. Our critical dose experiments suggest that the highest resolution 

can be achieved in solution processed conjugated polymers using cryogenic conditions with a 

critical dose of approximately 80 e/Å2. The trend with respect to dose rate also suggests that 

damage can be outrun as higher dose rates are achieved (Figure 2), although not under cryogenic 

conditions (Figure 4b). Thus, using a total dose of ~80 e/Å2 at cryogenic conditions, we directly 

image the 3.6 Å π-π stacking of PffBT4T-2OD in real space. Figure 5 shows a representative 

HRTEM image of PffBT4T-2OD taken at minimized damage conditions (additional examples are 

shown in Figure S3 and Figure S4). We can see the larger (100) spacings that are 2.2 nm. We can 

also see π-π stacking, both in the real space image and in the Fast Fourier transform (FFT), with a 
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distance of 3.6 Å, in agreement with X-ray scattering (Figure S5).37, 38 This demonstration of direct 

imaging of π-π stacking in a solution processed conjugated polymer was made feasible by 

systematic damage experiments. We observe that the π stacks are longer than they are wide and 

form a network for charge transport throughout the entire field of view. This is consistent with 

recent maps of the diffraction of π stacked domains generated with a 2 nm probe.39 The π stacks, 

which represent edge-on domains, also appear to overlap with face-on domains.  

 

Discussion 

 

 
Figure 6. Schematic of beam damage in conjugated polymers. Dark blue regions represent 

crystalline domains and light blue regions represent amorphous areas. Exposure to the electron 

beam generates a free radical reacting species in the conjugated polymer (likely from side chain 

scission) that then diffuse around, causing further damage to the material.   

 

 Altogether, our beam damage experiments reveal that at room temperature the critical dose 

increases with increasing dose rate and decreases with longer side chains; we also found that 
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damage is worse with beam blanking in between exposures. At cryogenic conditions, we found 

that the critical dose increases by almost an order of magnitude compared to room temperature. 

To explain these trends, we propose that damage occurs through the diffusion of a reacting species 

that is generated by ionization of the side chains. Indeed, recent work shows that blending 

PffBT4T-2OD, P3HT, or P3DDT with ca. 10 wt% of free radical scavengers, such as butylated 

hydroxytoluene, leads to an increase in DC by a factor of about three.40 As the reacting species 

diffuses around, it causes further damage to the material in a cascading manner (Figure 6). The 

radicals are likely coming from side chains because aromaticity, such as that in the polymer 

backbones, imparts radiation resistance to polymers due to delocalized resonance.4, 16, 17, 41, 42 It is 

likely like the radical being formed is an alkyl radical, as this is the radical most commonly 

produced during irradiation of linear polymers such as polyethylene.43, 44 

At low dose rates, the reacting species has time to diffuse around and cause damage, 

resulting in a lower critical dose. As we move to higher dose rates, critical dose increases because 

this diffusion process is outrun. P3DDT is more easily damaged than P3HT because it has a higher 

ratio of alkanes to aromatics, resulting in a higher population of reacting species. PffBT4T-2OD 

is most easily damaged perhaps because of its branched side chains.  Branched alkanes can undergo 

rapid primary rearrangement processes that make recombination at bond scission sites unlikely.17 

Also, branched side chains will generate more secondary and tertiary carbocations, which are more 

stable and likely to diffuse further distances and cause more damage than primary carbocations 

forming in linear side chains of P3HT and P3DDT. At cryogenic conditions, the critical dose 

increases overall and the dose rate dependence becomes less pronounced because the low 

temperature suppresses diffusion of reacting species. Also, because radiolysis is more significant 

as accelerating voltage is decreased, the observation that different accelerating voltages appear to 
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cause similar damage at cryogenic conditions suggests that the amount of radiolytic products 

created matters less than the damage caused by their diffusion. 

Cross linking of alkyl side chains is a possibility; we also speculate that significant amounts 

of reacting species are generated. As such, the diffusion of these reacting species is likely the 

dominant damage mechanism in conjugated polymers, as has been previously speculated.45 This 

is supported by our beam blanking critical dose experiments, in which damage is worse when the 

beam is blanked and unblanked throughout the duration of the damage experiment. This suggests 

that damage (through the diffusion of a reacting species) is occurring even when the sample is not 

illuminated by the beam. Our observation that blanking for longer periods of time results in 

increasingly lower critical doses further corroborates this hypothesis, as the longer blanking 

intervals give the reacting species more time to diffuse and thus, to cause more damage. We expect 

that at beam blanking times on the order of nanoseconds (the time it would take for a radical to 

diffuse ~1 nm),46 beam blanking would no longer change the critical dose, but we are unable to do 

this experiment due to technical limitations.  

Additionally, an advantage of using conjugated polymers to study damage is that we are 

able to observe chemical damage by looking at the decay of low-loss electron energy loss 

spectroscopy (EELS) peaks.35 EELS critical dose experiments show the same trend as in 

diffraction experiments: as dose rate is increased, the critical dose also increases (Figure S2). This 

suggests that damage to the core is time-dependent, which would not be the case if side chains 

were just cross linking without prior rearrangement through diffusion of radicals. Although our 

EELS experiments were conducted at a lower accelerating voltage to increase low-loss signal, the 

trends observed at 80kV should be representative of damage behavior at higher accelerating 
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voltages because the scattering cross section scales linearly with the inverse of accelerating 

voltage.  

 

Conclusions 

In this work, we systematically characterized beam damage in a series of conjugated 

polymers by measuring the critical dose under various conditions. We find that at room 

temperature, the critical dose increases with increasing dose rate, decreases with longer side 

chains, and decreases with beam blanking in between measurements. We find that cryogenic 

conditions increase polymer stability under the electron beam by an order of magnitude. Using our 

optimized dose conditions taken from critical dose experiments, we were able to directly image 

the 3.6 Å π-π stacking with HRTEM in a solution-processed conjugated polymer. This work not 

only reveals that beam damage in conjugated polymers occurs through the diffusion of a reacting 

species, but also demonstrates that with careful minimization of beam damage, current 

instrumentation is capable of imaging beam sensitive materials such as solution-processed 

conjugated polymers at the molecular scale.   

 

Supporting Information 

Supporting information, including details on GIWAXS and EELS, is available at xxx.  
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