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Abstract: Molecular packing and texture of semiconducting polymers are often critical to the 

performance of devices using these materials. Although frameworks exist to quantify the ordering, 

interpretations are often just qualitative, resulting in imprecise use of terminology. Here, we 

reemphasize the significance of quantifying molecular ordering in terms of degree of crystallinity 

(volume fractions that are ordered) and quality of ordering and their relation to the size scale of an 

ordered region. We are motivated in part by our own imprecise and inconsistent use of terminology 

in the past, as well as the need to have a primer or tutorial reference to teach new group members. 

We strive to develop and use consistent terminology with regards to crystallinity, semicrystallinity, 

paracrystallinity, and related characteristics. To account for vastly different quality of ordering 

along different directions, we classify paracrystals into 2D and 3D paracrystals and use 

paracrystallite to describe the spatial extent of molecular ordering in 1-10 nm. We show that a 

deeper understanding of molecular ordering can be achieved by combining grazing-incidence 

wide-angle X-ray scattering and differential scanning calorimetry, even though not all aspects of 

these measurements are consistent, and some classification appears to be method dependent. We 

classify a broad range of representative polymers under common processing conditions into five 

categories based on the quantitative analysis of the paracrystalline disorder parameter (g) and 

thermal transitions. A small database is presented for 13 representative conjugated and insulating 
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polymers ranging from amorphous to semi-paracrystalline. Finally, we outline the challenges to 

rationally design more perfect polymer crystals and propose a new molecular design approach that 

envisions conceptual molecular grafting that is akin to strained and unstrained hetero-epitaxy in 

classic (compound) semiconductors thin film growth. 

1. Introduction and overview

In the past two decades, thousands of new π-conjugated materials have been reported and used in 

organic electronic devices. Conjugated polymers are those with alternating π and σ bonds leading 

to π-orbital overlap to create delocalized π-electrons, exhibiting semiconductivity and interesting 

optoelectronic properties. Polymer semiconductors offer great opportunities and potentials due to 

their light weight, color tunability, mechanic flexibility and the ability to be deposited on large-

area flexible substrates at low cost. They have been targeted as active materials for a range of 

electronic applications, such as organic field-effect transistors for flexible circuity, logic circuit 

and sensor1, 2, organic light-emitting diodes for display applications3, organic solar cells (OSCs) 

for energy harvesting4 including semitransparent building5 and greenhouse integration6, and 

organic electrochemical transistors for bioelectronics in biosensors and neural implants7, 8. 

Conjugated polymers are gaining particular attention in bioelectronics due to their similarities in 

chemical properties (such as soft/compliant and ion/electron conducting) with biological 

molecules and capacity to be engineered in various forms. They find application in wearable health 

monitor for heart disease (blood, oxygenation, pulse, enzyme, etc.)9 and diabetes (blood sugar 

sensors, sweat sensors)10, and neuronal therapies (including recording and stimulating neural 

activity, the regeneration of neural tissue and the delivery of bioactive molecules for mediating 

device–tissue interactions)8, 9, 11-13. An additional emergent application is their use in neuromorphic 

computing14, 15. 

The intrinsic structural properties of polymer chains, such as different degrees of conformational 

and configurational freedom and chain stiffness, determine how crystalline or amorphous the 

polymeric materials are intrinsically and how important kinetic factors are in impacting ordering 

in specific fabrication procedures16, 17. The perfection of the ordering is determined by the local 

molecular packing, and the resulting ordered or disordered films and their texture affect optical 
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absorption, exciton delocalization, charge separation, and charge transfer. In contrast to small 

molecules, it is currently impossible for conjugated polymers to have a high degree of crystallinity 

(DoC) (i.e., high volume fraction of crystalline/paracrystalline ordering) or be perfectly packed 

(i.e., crystals have high quality of ordering). Polymers are generally only semicrystalline and 

paracrystalline (except for some liquid crystalline polymers), respectively, as illustrated in Figure 

1a and Figure 1c. Here, ‘semi-’ refers to ‘partially crystalline’ or ‘partially paracrystalline’ when 

the DoC is limited and there is generally an amorphous or disordered volume fraction even in the 

most highly ordered materials due to crystallization kinetics and the covalent constraint along the 

backbone. ‘Para-’ refers to the imperfect molecular ordering when ordered domains are generally 

paracrystalline with cumulative rather than random lattice distortions (Figure 1b), as illustrated 

schematically in Figure 1c. The molecular design differentiates ordering along three directions: 

π-π stacking direction, lamellar stacking direction, and backbone chain direction, as illustrated in 

Figure 1e. It should be noted that these three directions are not necessarily perpendicular to each 

other, depending on the types of unit cells. Given that the coherence length (Lc), a measure of the 

size of the coherently diffracting regions (e.g., a crystallite or a domain), might be different in 

these three directions, one could or maybe should conceptually think of the spatial extent of the 

primary ordered region to be represented and approximated by a coherence ellipsoid, shown in 

Figure 1f. The coherence ellipsoid is proposed to illustrate the anisotropy of Lc in these three 

directions in a Cartesian coordinate which does not imply these three directions to be perpendicular 

to each other. When there is no manifest ordering, the conjugated polymers are amorphous, and 

the coherence ellipsoid is very small in all directions. Conversely, highly asymmetric ellipsoids 

represent ordering in reduced dimensions, such as a 2D crystal. Due to the frequent difficulty in 

determining this ellipsoid particularly along the backbone direction and differentiating the 

contribution to peak broadening from crystal size, cumulative and non-cumulative lattice disorder, 

materials and samples are often identified and reported in the literature simply as semicrystalline 

or amorphous. Sometimes, the terminology is not well defined and not consistent across the 

literature. For example, the benchmark and widely studied polymer PTB7 (full name see appendix 

A) of interest in solar cells was reported to be semicrystalline in several papers18, 19 because of the 

presence of (100) and (010) peaks in the X-ray diffraction patterns, while in other papers PTB7 

was considered amorphous20, 21 due to the lack of the long-range order and lack of higher order 

diffraction peaks. Whatever the cause of this inconsistency and given existing basic IUPAC 
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definitions22 and prior work utilizing the Warren-Averbach framework23, 24, it is highly desirable 

that a more consistent terminology be used even when only semi-quantitative analysis is performed. 

To help guide and encourage the development and use of more precise terminology, we discuss 

the molecular ordering of conjugated polymers undergoing common processing histories to range 

from amorphous to semi-paracrystalline (account for both the limited DoC and imperfect 

molecular ordering) in a quantitative manner by combining both grazing-incidence wide-angle X-

ray scattering (GIWAXS)25 and differential scanning calorimetry (DSC). We note and stress the 

importance of the processing history and batch-to-batch variation on the packing, texture, and 

degree of ordering of the polymers. We are less interested in the intrinsic properties in the 

thermodynamic limit and more interested in a given sample or device than the material per se. We 

will focus on a given packing state that is determined by the processing and application we have 

at hand, for example, the active layer in an OSC cast with a material of a certain molecular weight 

from a particular solvent. This mirrors non-organic materials and their nomenclature, where silicon 

can be crystalline (c-Si) or amorphous (a-Si) depending on the processing history. 

We dedicate Section 2 of this review to the delineation of important concepts and labels such as 

crystals, crystallites, aggregate, and crystallinity in polymeric semiconducting materials, and 

introduce some quantitative parameters of molecular order derived from GIWAXS and DSC. 

Chiefly among them is the paracrystalline disorder parameter (g), which quantifies the cumulative 

lattice distortions that prevent long-range order. We aim to clarify the transition from amorphous 

to semi-paracrystalline by comparing various semiconducting polymeric thin films to the classic 

amorphous polystyrene (PS) and poly(methyl methacrylate) (PMMA). In Section 3, we propose 

to classify polymers into five basic categories, 3D amorphous, oriented amorphous, highly 

disordered, 2D semi-paracrystalline (2D paracrystallites), and 3D semi-paracrystalline (3D 

paracrystallites), to capture differences based on the g parameter associated with (h00) and (0k0) 

peaks, thermal characteristics, and general microscopy observations. Here, ‘2D’ refers to 

paracrystallinity in only two dimensions (i.e., g parameter indicating amorphous disorder in at least 

one dimension) while ‘3D’ refers to g parameters < 12% in all three directions. The label 

semicrystalline/crystalline (crystallites) is reserved for materials with long-range order with g < 2% 

in all directions. We discuss the current use of a-Si as a reference (with g = 12%) to define the 

boundary between amorphous and paracrystalline. We have not resolved all nomenclature issues, 
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something that might have to be taken up by the IUPAC at some point. We also provide examples 

of a broad range of representative polymers with typical processing histories into these five 

proposed categories and advocate use of a consistent nomenclature for differentiation along with 

publishing, whenever possible, the g parameters and DoC. 

In Section 4, we discuss the challenges and possible solutions to create large crystals with low 

structural disorder and high DoC, i.e., “perfect crystals”, which is an essential way to improve 

exciton diffusion length and enhance charge mobility. For these challenges, we focus on recent 

work26 that clearly indicates that sidechain ordering and backbone ordering is generally not 

synergistic, a competition that is likely at the very core of semiconducting polymers exhibiting 

generally large g parameters of > 6%. Questions naturally arise as to what it would take to achieve 

nearly perfect crystals of semiconducting polymers with disorder that approaches that of TIPS-

pentacene (g < 4%). Highly ordered materials with long-range ordering and low g parameter would 

likely require special molecular design that could be guided by the conceptual hetero-epitaxy 

grafting design method proposed in this review.

Overall, we provide clarification of key terms related to molecular ordering in conjugated 

polymers to help use of consistent terminology in the field, classify common polymer thin films 

into five proposed categories, and discuss possible solution to reach perfect crystals. 
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Figure 1. a) Schematic illustration of the complicated nature of conjugated polymers27. Reproduced with 

permission from ref. 27. b) Schematic illustration of random Gaussian (noncumulative) and c) 

paracrystalline (cumulative) disorder in a 2D lattice24. Reproduced with permission from ref. 24. d) 

Schematic illustration of lattice parameter fluctuation erms, showing a slight variation of the interplanar 

distance dhkl from one crystallite to another. Reproduced with permission from ref. 24. e) Typical schematic 

of the packing structure of an ordered conjugated polymer (P3HT)28 that generally assumes orthorhombic 

unit cells and that may be ordered in up to three directions: π-π stacking direction, lamellar stacking 

direction, and chain backbone direction. Adapted with permission from ref. 28. f) Illustration of coherence 

ellipsoid that the coherence length is often different in different packing directions with an example of PM6 

which shows coherence length (Lc) of 7.9 nm, 1.8 nm, 6.3 nm in lamellar-stacking, π-stacking, backbone 

directions, respectively. 

2. Quantification of Molecular Order and Related Terminologies

In this section, we will first provide some examples of terminology miscues, then delineate key 

terms (crystallites/aggregate, DoC, paracrystalline, amorphous), provide a brief introduction of the 

two main characterization techniques used for molecular ordering characterization (GIWAXS and 

DSC), and finally provide a framework that can be derived from these measurements.

2.1 Clarifications of the Key Concepts and Nomenclature Related to Molecular Order

Terminology miscues

In the semiconducting polymer literature, using the term “crystallinity” without qualifiers is often 

confusing because two different concepts, the DoC and quality of ordering within a crystallite, are 

generally undifferentiated and mixed up. What does it really mean if a material is declared “highly 

crystalline”? In principle, referring to just “crystallinity” without qualifiers works if the quality of 

the ordered regions and volume fractions of ordered regions are highly correlated. Though such 

correlation is common for inorganic materials and some crystallizable small molecules, such 

correlation is not assured for semiconducting polymers. The quality of the ordered regions can be 

high, while their volume fraction can be low (if, for example, only a few crystals were nucleated). 
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Or the converse is possible: the quality of the ordered regions is very low, but the volume fraction 

is very high (e.g., classic paracrystallinity29).

Despite the known high disorder in semiconducting polymers27, reference to “crystallinity” is often 

misused to describe the quality of ordering, rather than the most recognized referring to DoC. For 

example, when analyzing and discussing the GIWAXS data, it was claimed that the presence of 

two scattering peaks, namely the so-called lamellar (100) peak and (010) π-π stacking peak, of 

PBDT-TDZ and PBDTS-TDZ films showed their “crystallinity nature”30. Sometimes, 

“crystallinity” is used to even refer to spacing. For example, it was reported30 that “the shorter π-

stacking distance of PBDTS-TDZ than PBDT-TDZ indicates a better crystallinity of PBDTS-

TDZ”. Or the observed (001) peak indicated the excellent crystallinity of P(NDI2OD-T2) when 

processed with 2-methyltetrahydrofuran31. Such use is prevalent, even in cases where DSC cannot 

detect a melting peak and when the volume fraction of ordered material might be very small. We 

do not intend to single out anybody with these specific examples and point out our own prior 

miscues of terminology in a similar way32-35. We simply want to provide examples and encourage 

a dialog in the field about these issues.

Quality, quantity and size scale of ordered regions

In solid state matter, a single crystal is defined to be a periodic array of identical motifs filling the 

space, having a long-range positional order of the atomic length scale in three-dimensional space. 

However, in polymeric materials, three-dimensional order is almost impossible and long-range 

periodicities might be lacking in at least one dimension16. Also, there always exists structural 

disorder, paracrystallinity or defects inside polymeric crystals, and thus polymeric materials are 

never completely crystalline, but semicrystalline, paracrystalline, or amorphous instead. They 

might even be nano-layered with alternating ordered or disordered sidechain or backbone layers 

(see section 4.2)26. Generally, amorphous materials exhibit a glass transition temperature (Tg) that 

can be revealed with thermal or thermo-mechanical measurements. Semicrystalline materials 

exhibit a Tg in addition to a melting temperature (Tm), but classic paracrystalline materials only 

exhibit a Tm
29. Structural and thermal measurements are thus excellent complements to each other.

To describe the molecular ordering comprehensively, we need to separate the concepts of quality 

of ordering, degree of ordering, and spatial extent of the ordered region. In short, we need to 

differentiate the quality, quantity and size scale of the ordered regions. We will focus on quality 
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and quantity in detail, but also discuss size scale. Some of the more subtle issues regarding size 

scale remain unresolved, due to the underlying complexity and remaining ambiguities. 

Let us begin by examining current terminology associated with size scale. Since the ordered phase 

in a typical semicrystalline polymer film is on the order of 1-100 nm in diameter or thickness23, 

such ordered regions are usually called crystallite rather than crystal. Aggregate is also used 

frequently to describe ordered regions, while its definition is somewhat vague and needs to be 

clarified. In a broad sense, ‘aggregate’ refers to spatial clustering of the material without explicit 

or implicit references to specific characteristics. We note that such structural aggregates need to 

be clearly distinguished from optical aggregates where the coupling is not by a force, but between 

optical dipoles via the electromagnetic field36, 37. In the X-ray diffraction view, D. T. Duong et 

al.38, 39 defined an “aggregate” as a group of the π-stacked conjugated segments with the lack of 

the lamellar stacking. With enough π-stacked conjugated segments, aggregates can also produce 

discernible diffraction peaks. R. Noriega et al.27 also proposed that small semi-ordered domains 

with short-range ordering of a few molecular units to be referred to as aggregates, compared to the 

crystallites with larger domains and with better three-dimensional long-range periodicity. Short-

range ordered aggregates often yield sufficient π-orbital overlap36, 40 to facilitate interchain charge 

transport, resulting in some seemingly contradictory cases where the polymers show a less ordered 

lamellar packing structure but excellent charge transport properties27. Based on existing polymer 

physics concepts reaching back to the 1960s, we will use a different terminology below, after we 

have fully delineated paracrystallinity and understand better if and how size, quality and quantity 

can be determined. 

Next, we consider the quantity of ordering. Since there exist both ordered and disordered or 

amorphous regions, the fraction of crystalline/paracrystalline to amorphous regions is a critical 

parameter quantifying how much a polymer is ordered. The DoC is defined as the volume fraction 

of crystalline or paracrystalline material in a film23. We will describe methods below how the DoC 

can be determined. 

The quality of molecular ordering is typically assessed with X-ray diffraction methods. These will 

be discussed in detail below. If the local order is so short-ranged that only one diffraction order is 

observed and the ordering cannot be detected by observing a Tm, but rather a Tg is detected in DSC, 

the samples are identified and classified as amorphous. This condition generally correlates with g 
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parameters that are indicating amorphous characteristics (g 12%). The central discussions about >

paracrystalline g parameter draw heavily on well understood X-ray scattering concepts that have 

been previously delineated by the Salleo group23, 24, 27. 

One of the miscues seems to be that authors infer “crystalline”/ “semicrystalline” due to the 

presence of a single scattering peak. It is impossible though to make a polymer thin film with 

completely random distances and orientation, and without any molecular correlations between 

nearest molecular neighbors. Only a gas would exhibit randomness with a g parameter of 100%. 

In a completely amorphous (random) liquid or glassy semiconducting polymer that is highly 

disordered, nearest chain distances still correlate locally without constituting a distinct ordered 

phase. Due to these local correlations, even classic amorphous polymers, such as atactic 

polystyrene (PS) and poly (methyl methacrylate) (PMMA), tend to scatter diffusely in X-ray 

diffraction experiments with broad scattering peaks corresponding to nearest neighbor distances. 

We will show below that the diffraction or scattering peaks in PMMA and PS are qualitatively 

very similar to the scattering characteristics of many semiconducting polymers and observation of 

such peaks is thus not a qualifying characteristic for paracrystallinity, let alone crystallinity. 

Mesoscale ordering

In addition to the molecular level packing that defines paracrystalline and amorphous properties, 

there is an important level of ordering in semiconducting polymers on the mesoscale: liquid 

crystalline ordering. 

Liquid crystals are materials that have the properties of both a crystal and a liquid, which lies in 

an intermediate state between the isotropic amorphous liquid state and crystalline state. The liquid 

crystals do not show the 3D positional order of crystals but retain some orientational order. The 

main characteristics that make liquid crystalline ordering unique and distinct from crystalline 

structure is that the exothermic or endothermic enthalpy for crystallization or melting of liquid 

crystals is generally independent of the cooling/heating rate41. For semiconducting polymers, there 

are some polymers that can exhibit liquid crystalline properties, such as fluorene copolymers 

(F8BT, F8T2)42, polyalkylidene fluorene43, PQT44, PCDTBT45, PBTTT41, 46. X. Zhang et al.46 have 

demonstrated via dark-field transmission electron microscopy (TEM) orientation map that PBTTT 

crystallite orientation varies smoothly across relatively large distances, with only small angle 

variations between adjacent diffracting regions. This in-plane, liquid crystalline texture helps to 
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decrease the density of abrupt grain boundaries, leading to excellent thin-film transistor device 

properties. We note that in this case, DSC can readily identify two melting transitions as expected 

for the presence of an LC phase. Soft x-ray scattering with polarized radiation (P-SoXS) can assess 

with high orientational sensitivity mesoscale ordering in the 20-2,000 nm range and has observed 

such characteristics even in as-cast PBTTT films where TEM analysis was inconclusive47, 48. 

Length scales of >30 nm can be also readily probed with dichroic scanning transmission x-ray 

microscopy49, 50. R. Xie et al.45 reported the nematic ordering for PFTBT and PCDTBT by a 

combination of DSC, temperature-dependent x-ray scattering and linear viscoelastic rheology. The 

local chain alignment via the nematic order can reduce the chain entanglement, leading to faster 

chain relaxation from the topological constraints of surrounding chains. We will not focus on liquid 

crystalline ordering in this review and mention only briefly these properties to provide 

completeness.

2.2 GIWAXS and DSC: Complementary Tools

X-ray diffraction is a non-destructive technique to characterize molecular packing in a material 

and determine unit-cell parameters, DoC, anisotropy/texture, and lattice disorder. X-ray diffraction 

experiments of typical semiconducting polymer thin films are generally synchrotron-based for 

reduced collection time and sufficient signal-to-noise ratio although some in-house, lab-based X-

ray measurements can be performed for strongly scattering films. In a GIWAXS measurement, the 

X-ray beam is incident on the sample at a shallow angle as shown in Figure 2a. This angle is 

typically close to the critical angle and can be adjusted to control how deep the X-rays penetrate 

the film or tuned to a wave guide resonance for boosting the scattering intensity51. Constructive 

interference, governed at a fundamental level by Bragg’s law, results in observable diffraction 

peaks on a 2D detector from ordered materials. Disordered materials produce a diffuse halo. The 

peak location can be used to calculate interplanar spacings in the material. The integrated peak 

intensity of ordered regions after resolution function correction encodes the DoC for fiber texture23 

(the texture with only out-of-plane orientation preference but no in-plane orientation preference), 

which is often the case in semiconducting polymers. The peak width and shape are determined by 

the crystal size, cumulative or noncumulative lattice distortions, and lattice parameter fluctuations. 

We will discuss the most salient aspects of these concepts below, but due to space limitations we 

Page 10 of 61Materials Horizons



would like to refer the readers interested in additional details to excellent monographs and prior 

reviews23, 52, 53. 

Figure 2. a) Schematic of  GIWAXS measurement setup23. Reproduced with permission from ref. 23. b) 

Intersection of Ewald sphere with a given crystallite orientation sphere which is oriented perpendicular to 

the substrate with the radius defined by the  of interest.  is the incoming vector,  is the diffracted  𝑞𝐵 𝑘𝑜 𝑘

vector,  is the scattering vector of interest defined by , and  is the reciprocal lattice  𝑞𝐵  𝑞𝐵 =  𝑘 ―  𝑘𝑜  𝐺ℎ𝑘𝑙

vector to the plane (hkl) of the oriented crystallite. Bragg’s law can be satisfied when the Ewald sphere 

intersects with the crystallite orientation sphere, that is when = , and thus this  𝑞𝐵 =  𝑘 ―  𝑘𝑜  𝐺ℎ𝑘𝑙

construction indicates possible diffraction events in grazing incidence geometry54. Adapted with permission 

from ref. 54. c) Schematic of hypothetical diffraction profile from crystalline lattices affected by finite size 

with (red) and without (blue) the contribution of cumulative disorder23. Inset: The contribution of 

cumulative disorder results in an increasing peak width (red) while the absence of it gives a constant peak 

width (blue). Reproduced with permission from ref. 23. d) FWHM of diffraction peak and e) pseudo-Voigt 

mixing parameter as a function of peak order for TIPS-pentacene (blue circle), P(NDI2OD-T2) (green 

triangle), and PBTTT (red square)24. Reproduced with permission from ref. 24. 
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A useful tool to determine the observable constructive interference is the Ewald sphere, which is 

constructed with its radius defined by the incoming  vector and centered at the origin of . For 𝑘𝑜 𝑘𝑜

a given oriented crystallite, when a reciprocal lattice point in the crystallite orientation sphere 

intersects with Ewald sphere, diffraction takes place with Laue condition that the scattering vector 

 ( ) is equal to the reciprocal lattice vector 55, as illustrated in Figure 2b. In this 𝑞𝐵 ≡ 𝑘 ―  𝑘𝑜 𝐺ℎ𝑘𝑙

way, the intersection of the Ewald sphere with a given crystallite orientation sphere indicates 

possible diffraction events54. It should be noted that the crystallites with  close to the substrate 𝑞𝐵

normal will not intersect the Ewald sphere and do not result in observed diffraction in GIWAXS 

setup. Due to the qz component needed to get onto the Ewald sphere, the scattering intensity 

collected with a flat 2D detector in grazing incidence geometry is distorted with the result that the 

detector image is not a direct qx-qy map of reciprocal space. This distortion can be corrected, 

leading to the so-called missing wedge in the corrected 2D pattern that corresponds to qx-qy 

combinations without Ewald sphere intersections. The reader is referred to the literature56 for more 

details about this correction. If the substrate is tilted at θB (denoted in Figure 2b), the local specular 

condition can be met54. A pole figure is a plot that shows the orientation distribution of a certain 

Bragg reflection and provides information on the texture of thin films. A correct pole figure is the 

product of the sine of the azimuthal angle (χ, defined as the angle between the crystallite orientation 

and the substrate normal) and the measured intensity at this azimuthal angle57, which is the so-

called sin(χ) correction or Ewald sphere correction.  Since the Ewald sphere cannot intersect the 

orientation sphere with the perpendicular direction in grazing geometry, a complete pole figure 

can only be reached by combining the data from the grazing patterns with the local specular 

diffraction pattern with the substrate tilted with θB
54. 

Before we go into more details about GIWAXS analysis, it is necessary to provide some discussion 

about the unit cell determined from the X-ray diffraction. In most cases, it is usually assumed 

without justification and mostly because of a lack of sufficient diffraction information that the 

lattice packing in conjugated polymers is orthorhombic. However, some polymers are reported to 

pack in triclinic with off-axis peaks present, such as PBTTT58, P3EHT59, PQT60. The determination 

of unit cell parameters requires careful crystallographic X-ray analysis and the reader is referred 

to the literature61, 62 for details. Generally, in orthorhombic unit cell, the off-axis, mixed-index 

peaks (hkl) are aligned horizontally relative to the (h00) peaks. For example, (h00) and (h01) have 
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the same qz since the (h00) and (00l) planes are orthogonal assuming c⁎ is normal to the film 

substrate. However, in triclinic cells, the (h00) planes can be non-orthogonal to the (00l) planes. 

The presence of off-axis peaks signifies coherent three-dimensional molecular packing. 

As a key complement to GIWAXS, DSC is a thermal analysis technique characterizing how a 

material’s heat capacity is changed with temperatures. Different from GIWAXS measurements, 

which are performed on spun-cast thin films of uniform thickness, conventional DSC measurement 

is normally conducted with bulk powders or drop cast films. To obtain information on spun-cast 

thin films, which tend to be more disordered than drop-cast films, flash DSC can be utilized. DSC 

is generally applied to detect thermal transitions such as the glass transition (Tg), crystallization 

(Tc) and melting (Tm) associated with disordered and ordered phases of the sample. In general, the 

smaller the highly ordered crystallite (e.g., P3HT), the lower the melting temperature. In addition 

to the phase transition temperatures, DSC can also record the exothermic or endothermic enthalpy 

associated with crystallization and/or melting. The enthalpy is obtained by integrating the DSC 

signal over the appropriate temperature range with proper background subtraction. Generally, the 

enthalpies can be used to infer the degree of ordering between samples of the same material. 

Conventional DSC can only be performed below the decomposition temperature of a material. 

There currently exists a conundrum between the GIWAXS and DSC results for some materials. 

When the quality of ordering is low, the melting of paracrystalline domains cannot always be 

detected while GIWAXS and microscopy indicate the presence of some kind of ordered domains. 

Use of a flash-DSC, which achieves much higher sensitivity to heat flow, can go to higher 

temperatures than conventional DSC, and investigate identical spun-cast films, might be able to 

reconcile these differences in the future. We are of the opinion that the determination of 

paracrystalline or amorphous characteristics should not depend strongly on the characterization 

methods and hope that the remaining differences can be reconciled. 

Other techniques are capable of characterizing certain aspects of molecular order, like nuclear 

magnetic resonance (NMR) or mass density measurements. With 13C solid state NMR, the 

conformational states of backbone or side chain for a certain carbon belonging to ordered or 

disordered fractions can be separated. Generally, it requires a relatively large fraction of the 

available materials (often tens of mg with typical synthetic batches yielding ~50 mg), and it is not 
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very compatible with the thin film form factor, i.e., spun-cast thin films, used in GIWAXS. 

Moreover, it is challenging to identify the molecular origins of NMR peaks and the subtle 

difference in ordered or disordered phases. As a result, NMR use has been limited to a few studies. 

The mass density or specific volume depends on the crystalline/paracrystalline and 

amorphous/disordered volume fraction of a material, and thus mass density determined with 

density gradient column can be applied to characterize the DoC of a semicrystalline film, but not 

the quality of the molecular ordering. Therefore, in this article, the discussion of NMR and mass 

density measurements and their applications are limited.

2.3 Quantitative Characterization of Molecular Order

Parameters characterizing molecular packing

To quantitatively characterize the ordering of a material and the properties of the molecular 

packing, the most critical aspects may include: 1) the unit cell, 2) the quality of the molecular 

packing (e.g., the types of disorder), 3) the DoC (quantity), 4) the texture of the packing (e.g., 

molecular orientation distribution), and 5) the size of the molecularly ordered regions. We will 

focus mainly on the quality, quantity, and size scale (crystallite size or coherence length of 

coherently diffracting regions). These are interrelated in the measurements and need to be 

disentangled. The parameters that can be directly quantified from GIWAXS are the d-spacing, 

coherence length (Lc), pseudo-Voigt mixing parameter (η), and rDoC (relative DoC) since these 

can be extracted from a single peak. In favorable situations of at least three orders of diffraction 

peaks, the paracrystalline disorder parameter (g), lattice parameter fluctuation (erms), and crystallite 

size (if it has) can also be determined. In some circumstances and with certain assumptions, the g 

parameter can be estimated from a single peak. The melting enthalpy (ΔH) from DSC can provide 

rDoC. Recalling concepts delineated in Figures 1b-e and 2c-e, a road map about how to relate 

these parameters to the packing properties and the conditions needed to extract them from the data 

is summarized in Scheme 1.
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Scheme 1. A road map summarizing the aspects and parameters needed to understand the molecular 

packing where m is referring to the peak order. To disentangle the contribution from finite size, 

paracrystalline disorder parameter (g), and lattice parameter fluctuation (erms) to the peak broadening, with 

the presence of higher ordered peaks (m 1), there are three options: performing W-A analysis for >

comprehensive analysis (option 1); performing W-H analysis with β-m2 plot to obtain the g parameter and 

paracrystallite size or perform β-m plot for erms (option 2); or plotting FWHM/η vs. m for graphical analysis 

(option 3). When there is only the first order peak presented (m=1), g parameter can be estimated with some 

assumption if η is close to 1.

The interplanar spacing, or d-spacing, of a certain diffraction peak, such as lamellar stacking peak 

or π-π stacking peak, can be calculated from the reciprocal of the peak position with . A 𝑑 =
2𝜋
𝑞

commonly used method to determine the crystallite size is use of the Scherrer equation63, which 

relates the peak width and crystallite size via , where Δq is the full width at half maximum 𝐿𝑐 =
2𝜋𝐾
∆𝑞

(FWHM) of the peak and K is the shape factor account for the different crystallite shapes (e.g., 

sphere, cube, octahedra). In most cases the actual crystallite shape is either unknown or ill defined, 

and thus it is common practice to use a typical value of ~0.964, which is also used in Table 1. The 

Scherrer equation estimates the crystallite size with the assumption that the crystallite size is the 

main contributor to the broadening of the diffraction peaks. This assumption is generally not met 
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since paracrystalline disorder and lattice parameter fluctuation can also contribute to the peak 

broadening. If the finite size is not the dominating contributor to peak broadening, the Lc from 

Scherrer equation is not reflecting the crystallite size but referring to the coherence length of the 

coherently diffracting regions. A more nuanced interpretation of the peak broadening is required 

that attempts to disentangle the various contributions to the peak width after careful examination 

of extrinsic instrumental resolution63. 

Theoretically, the ideal Bragg diffraction from a perfect, infinite crystal would give infinitely sharp 

peaks with peak width close to zero. In actual X-ray scattering experiments, the diffraction peaks 

always show peak broadening due to three intrinsic main factors, 1) the finite size of the ordered 

region, 2) lattice parameter fluctuation, 3) lattice disorder (cumulative disorder). The impact of 

finite size is conceptually straightforward and analogous to diffraction from a single slit with a 

reciprocal relation of size and diffraction width. Lattice parameter fluctuation (erms) is a measure 

of the variation in d-spacings from one ordered region to another24, as shown in Figure 1d, a large 

scale heterogeneity of the sample. The peak broadening due to the lattice parameter fluctuation is 

proportional to the order (m) of the diffraction in the form of65:

 (1)𝛽ℎ𝑘𝑙 = 𝑚
𝑒𝑟𝑚𝑠

𝑑ℎ𝑘𝑙
 

Where β is the integral breadth (defined as the integral intensity of a peak divided by the maximum 

intensity/peak height). The lattice disorder can be classified in two forms24: i) the noncumulative 

disorder which is random statistical fluctuations about an ideal lattice position (e.g., due to thermal 

fluctuations), and ii) the cumulative disorder which produces long-range distortion and prevents 

long-range order. For cumulative disorder, we will focus on paracrystalline disorder (quantified 

with g parameter) which is the main contribution of the cumulative disorder. In paracrystalline 

phase, the distances between atoms in the space lattice are not constant but show correlated 

statistical fluctuations in both the direction of neighboring atoms and perpendicular to it, 

preventing long-range order. The peak broadening due to paracrystalline disorder is proportional 

to the square of order (m2) of the diffraction in the form of65:

            (2)𝛽ℎ𝑘𝑙 =
(𝜋𝑚𝑔)2

𝑑ℎ𝑘𝑙
 

Paracrystals follow the empirical α⁎-law66, which restricts their size, expressed as:
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 g α⁎ 𝑁  =  =  0.15 ± 0.05             (3)

Where N is the average number of netplane layers with paracrystal size of Ndhkl. Since 

paracrystallites always have finite size, the paracrystallinity g and finite size both contribute to the 

peak broadening in a pure paracrystal model. The integral breadth β in angular space is given by67:

𝛽ℎ𝑘𝑙 =
1

𝑑ℎ𝑘𝑙
 [ 

1
𝑁 + (𝜋𝑔𝑚)2 ]               (4)

If it is in reciprocal space, there will be a factor of 2πK in the size term like how the Scherrer 

equation is transferred from angular space to reciprocal space63. 

These different factors impact the diffraction peaks in different ways. The peak width due to the 

finite size of crystallites is independent of peak order24. Noncumulative disorder related to thermal 

fluctuation, such as Debye-Waller factor, only causes the lowering of the peak intensity with no 

effect on the peak width and thus will not be discussed extensively. The lattice parameter 

fluctuation (erms) results in peak order-dependent (~m) peak broadening and is assumed to lead to 

Gaussian-shaped peaks (based on the assumption that random variations throughout the 

measurement follow Gaussian statistics)24. In contrast, peak broadening due to paracrystalline 

disorder is dependent on the square of order (~m2) while diffraction peaks have a Lorentzian 

shape68. These distinct difference in the characteristic distributions of these three main factors 

(finite size, g, erms) to the peak breadth and intensity enables line shape and intensity analysis to 

disentangle their contributions to the diffraction peaks if multiple peaks are present. In the case 

where only the first ordered peak is present, definitive assignment can be readily made to 

paracrystalline disorder if the line shape is predominantly Lorentzian with the assumption of erms 

following Gaussian statistics (see Scheme 1).

To disentangle the contribution from finite size, g parameter, and erms to the peak broadening, the 

presence of higher order peaks (at least three orders) is required. There are three approaches for 

the shape analysis. The first one is to perform Warren-Averbach (W-A) analysis for 

comprehensive analysis. The second one is the Williamson-Hall (W-H) analysis to obtain the β-

m2 plot with g from the slope and finite size from the intercept. Additionally, to check whether 

there is contribution from lattice parameter fluctuation, one can obtain the β-m plot. If it exhibits 

linear relations, it implies the contribution from lattice parameter fluctuation exists and erms can be 
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obtained from the slope according to equation (1). The last one is only for graphical analysis with 

plotting FWHM/pseudo-Voigt mixing parameter (η) vs. diffraction order (m) to determine 

qualitatively whether there is contribution from lattice parameter fluctuation or paracrystalline 

disorder as denoted in Scheme 1. 

In W-A analysis69, 70, Fourier transform is performed on the diffraction peaks with a Fourier series 

after careful deconvolution of instrumental resolution, where Fourier coefficients is a product of 

two terms: the finite size contribution term (independent of peak order), and the disorder (g, erms) 

contribution term (dependent of peak order). The Fourier coefficients  is in the form of:𝐴𝑚(𝑛)

𝐴𝑚(𝑛) = 𝐴𝑆
𝑚(𝑛)𝐴𝐷

𝑚(𝑛) =
< 𝑁(𝑛) >

𝑀 exp [ ―2𝜋2𝑚2(𝑛g2 + 𝑛2𝑒2
𝑟𝑚𝑠)]                    (5)

Where  and  are the contribution of finite size and disorder (g, erms), respectively; n 𝐴𝑆
𝑚(𝑛) 𝐴𝐷

𝑚(𝑛)

is for Fourier series; m is the diffraction order;  is a factor account for column length < 𝑁(𝑛) >

distribution; and M is the area-weighted column length. Column length refers to crystallite size 

emphasizing on the length of a column of unit cells stacked along the normal of the diffracting 

lattice planes (diffraction vector). To perform W-A analysis, first, isolated diffraction peaks need 

to be obtained with appropriate background subtraction and resolution function correction. Then, 

there are two approaches: full fit and graphical approach. In the full fit approach, the coefficients 

of Fourier series are calculated with a fast-Fourier-transform (FFT) algorithm, and then  is 𝐴𝑚(𝑛)

fitted with equation (5) with assumed column length distribution. This fitting will result in the 

values of column length, g, and erms, respectively. In the graphical approach71, first,  vs. ln [𝐴𝑚(𝑛)]

m2 is fitted linearly for a constant n, where one obtains values for  from the intercept ln [
< 𝑁(𝑛) >

𝑀 ]

and from the slope of each curve with a certain n. Then, another linear fit of 𝑓(𝑛) = g2 +𝑛𝑒2
𝑟𝑚𝑠 𝑓

 vs. n will yield g2 and . In W-A analysis, the information contained in the complete peak (𝑛) 𝑒2
𝑟𝑚𝑠

shape (width and intensity) is considered via Fourier transform. In contrast, W-H analysis72 only 

takes into account of peak width. In practice of semiconducting polymer cases, X. Jiao et al.73 

applied W-H method in angular space with the form of:

𝛽 = 𝛽𝑆 + 𝛽𝐷 =
1

< 𝐿 > 𝑉
+

𝜋2g2

𝑑 𝑚2                            (6)
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Where β is the diffraction peak width corrected for instrumental resolution, βS and βD is the 

contribution of finite size and paracrystalline disorder, <L>V is the volume-weighted column 

length. (We note that this reflects equation (4) with the same contribution of the g parameter.) In 

reciprocal space, the equation (6) is in the form of:

𝛽 =
2𝜋𝐾

< 𝐿 > 𝑉
+

𝜋2g2

𝑑 𝑚2                            (7)

In W-H analysis, the contribution from lattice parameter fluctuation is not taken into account or 

ignored. To determine whether there is contribution from lattice parameter fluctuation, the β-m 

plot can be applied. If it shows a linear relation, the contribution from lattice parameter fluctuation 

exists65. In this case, erms can be obtained from the slope according to the equation (1). 

The graphical analysis24 (option 3 in Scheme 1) is to estimate the contribution of finite size, g, and 

erms only qualitatively, and thus it cannot give the exact values of g, or erms. First, we disentangle 

the contribution of finite size from disorder which includes both paracrystalline disorder (g) and 

lattice parameter fluctuation (erms). We plot the peak width (FWHM) as a function of peak orders 

(m). The schematic cases shown in Figure 2c illustrate that when the finite size is the only 

contributor to the broadening of peaks, the peak width is a constant as a function of peak orders23. 

If there is also a contribution from disorder, the peak width shows an increasing trend with peak 

orders. An experimental example24 is shown in Figure 2d, where the data for TIPS-pentacene, a 

polycrystalline organic conductor with small lattice disorder, is dominated by finite size effect with 

a roughly constant peak width, whereas lattice disorder is observed in P(NDI2OD-T2) and PBTTT 

with linear increasing peak width with peak orders. Then, if the peak broadening is dominated by 

disorder terms, we can disentangle the contribution from paracrystalline disorder (g) and lattice 

parameter fluctuation (erms) with the help of pseudo-Voigt mixing parameter η with peak shape 

analysis, where η is the Lorentzian fraction when a peak is fitted with the Voigt function with a 

linear combination of Gaussian and Lorentzian. This analysis makes use of the fact that 

paracrystallinity produces a Lorentzian peak shape68 while the lattice-parameter fluctuation is 

assumed to produce a Gaussian shape24 if it follows Gaussian statistics. η close to 1 (Lorentzian) 

indicates g-dominated disorder while η close to 0 (Gaussian) suggests erms-dominated disorder. In 

the cases where η is not close to 0 or 1, both paracrystallinity and lattice parameter fluctuations 

exist. An example is shown in Figure 2e. TIPS-pentacene has an η<0.5 and a decreasing trend 
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with diffraction order, suggesting highly crystalline behavior with a very low g. In contrast, 

P(NDI2OD-T2) shows a relatively constant η∼0.75, illustrating a competition between 

paracrystalline disorder and lattice parameter fluctuations. PBTTT with η ∼1 shows strong 

paracrystalline disorder. For η < 0.5, the width of the peak is dominated by the lattice parameter 

fluctuations and the possibility of contribution from finite size cannot be excluded. For η close to 

1, the peak width is dominated by the coherence length of the cumulative disorder 

(paracrystallinity). 

In summary, all these three approaches require multiple (at least three) diffraction orders, and thus 

making the application in conjugated polymer cases limited. W-A analysis gives the most 

comprehensive understanding of the peak broadening with the ability to provide quantitative 

values of all three contributors (crystallite size, g, and erms). However, it requires high-quality 

diffraction data. In W-H analysis, the values of coherence length and g can be obtained while the 

contribution of erms is not taken into account. To obtain erms, one can use the β-m plot. Moreover, 

the derivation of W-H method assumes the Lorentzian peak broadening, which might not be 

fulfilled in most cases. The graphical analysis is a qualitative and simplified method to determine 

the contribution from finite size, g parameter, and erms qualitatively without extracting the exact 

values. 

For the size scale (crystallite size or coherence length) and g parameter, the values extracted from 

Scherrer equation, W-H or W-A analysis do not match with each other in semiconducting polymers. 

For the size scale, J. Rivnay et al.24 has a thorough discussion. When finite size dominates the peak 

broadening, Lc from Scherrer equation is a good approximate for the crystallite size, which is 

comparable to that extracted from W-H and W-A analysis. For example, in (00l) peaks of TIPS-

Pentacene24, the Lc from Scherrer equation is 95.2 nm. The volume-weighted column length from 

W-H analysis is 97.5 nm while the area-weighted column length from W-A analysis is 67-87 nm 

(depending on the method and size distribution used). Generally, volume-weighted column length 

is larger than area-weighted column length with a factor of 1-374. In (h00) peaks of P3DDT71, the 

Lc from Scherrer equation is 15.3 nm while the column length from W-H and W-A analysis is 14.6 

nm and 17.1 nm, respectively. If the contributions of size and disorder effects to the peak breadth 

are comparable, these two contributions need to be decoupled with W-H or W-A analysis. For the 

accurate determination of disorder terms, the latter is preferred. For example, in (h00) peaks of 
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P(NDI2OD-T2)24, the Lc from Scherrer equation is 27.8 nm while the column length from W-H 

and W-A analysis is 34.0 nm and 22-27 nm, respectively. If the disorder effects dominate the peak 

broadening, the crystallite size cannot be determined from diffraction line-shape analysis. Lc from 

Scherrer equation reflects the coherence length of the domains that diffracted coherently. For the 

g parameter, W-A analysis gives the most accurate values while W-H analysis tends to get 

overestimated since it ignores the possible contribution from lattice parameter fluctuation. The g 

parameters from W-H and W-A analysis are 2.15% vs. 0.3-0.84% for (00l) peaks of TIPS-

Pentacene, 10% vs. 1.6% for (h00) peaks of P3DDT, and 9.2% vs. 3.6-4.6% for (h00) peaks of 

P(NDI2OD-T2). 

In most cases, only the first order peaks (e.g., (100) and (010)) are observed. Neither W-A analysis 

nor W-H analysis can be performed. However, g parameter determination is essential in the 

classification scheme in Section 3 and likely important for its relation to opto-electronic properties. 

To estimate the g parameter, it has become common practice to use a single peak estimation with 

g  on the condition that η ∼1, where  and  are the FWHM and the interplanar ≈
1

2𝜋
∆𝑞 ∙ 𝑑ℎ𝑘𝑙 ∆𝑞 𝑑ℎ𝑘𝑙

spacing of the diffraction peak of interest. Such g parameter estimation is intended to assure that 

the contribution from lattice parameter fluctuation is small with the condition η ∼1 since 

paracrystallinity leads to Lorentzian peak (η =1) while lattice parameter fluctuation is assumed to 

result in Gaussian peak (η =0). It is also assumed that finite size contributions can be ignored24. 

Although this method is oversimplified and the assumptions are likely not always fulfilled, it is 

widely used as the only accessible interpretation when only first order peaks are present. This is 

especially the case for (0k0) peaks where only the first order diffraction is present while π-π 

stacking properties is important since it is thought to be more relevant to performance than lamellar 

stacking. With η ∼1 (negligible contribution from erms), this single peak estimation can be a good 

estimate of g parameter. For example, PBTTT shows strong paracrystalline disorder with η ∼1, 

and thus the g parameter of (0k0) from W-A analysis (~7.3%)24 and from the single-peak analysis 

(8%) are close to each other. However, when effects from Gaussian lattice parameter fluctuations 

are comparable to or even greater than paracrystalline disorder, the single-peak analysis is not 

applicable. For example, the g parameter for P(NDI2OD-T2) (h00) peaks and TIPS-pentacene (00l) 

peaks from the single-peak analysis are 14%, 5% respectively, which are not consistent with results 

from W-A analysis (4%, 0.3%)24. 
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For many of the polymers discussed in the next section, paracrystalline disorder dominates the 

(010) peaks with η close to 1, such as PTQ10 (~1), PBDB-T (~1), P(NDI2OD-T2) (~1), PffBT4T-

2OD (~0.96), PTB7-Th (~0.94) and DPP3T (~0.80), and thus the single-peak estimation is 

applicable with the assumptions stated above. In contrast, paracrystalline disorder is not 

dominating the (h00) peaks in many cases, such as PTQ10, PM6, and DPP3T (as shown in Figure 

5n). In these cases, the single-peak estimation for g parameter determination cannot be performed. 

Since there show three diffraction orders, the W-H analysis is applicable. Generally, g = 0% 

indicates a perfect crystal and 0% < g < 2% represents crystalline ordering, while 2% < g < 12% 

is considered to correspond to paracrystalline ordering; Amorphous silicon dioxide glass has g ≈

12% and thus materials with g >12% have generally been referred to be amorphous when 

considering X-ray analysis alone. The g parameter is thus an important metric when trying to 

classify semiconducting polymers.

Determination of DoC

In X-ray diffraction experiments, the integrated intensity of the diffraction peaks associated with 

the ordered volume fraction is often proportional to the amount of crystalline/ordered material in 

a thin film with fiber texture23, and thus can quantify the relative DoC. However, an absolute DoC 

is close to impossible to be quantified since it would require reference samples to be entirely 

crystalline or entirely amorphous, which is hardly obtained in polymeric materials. Instead, the 

relative DoC (rDoC)23, 75, 76, describing the DoC of one film as compared to another film of the 

same material and film thickness, can be quantified. Generally, the rDoC can be quantified by 

several methods, such as GIWAXS, DSC, NMR, and density via dilatometer.  There are mainly 

two different ways to characterize the rDoC via GIWAXS. The first method that quantifies the 

DoC relies on analyzing and quantitatively separating the scattering intensity originated from 

amorphous domains with that from ordered domains77-79. J. Balko et al.79 proposed that the DoC 

can be estimated from the percentage of amorphous domains evaluated by the ratio of the intensity 

at a certain scattering angle between (100) and (200) peaks in the semicrystalline sample to that in 

a completely amorphous (molten) sample. The second and mostly used method only gives rDoC, 

which is to integrate the intensity of an Ewald sphere corrected, complete pole figure from out-of-

plane direction to in-plane direction. This integrated intensity is proportional to a film’s DoC59 for 
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fiber texture. When comparing the integrated intensity between samples with the sample material 

but different processing conditions, the rDoC can be extracted. 

The possibility for NMR to determine DoC arises through an intrinsic difference between the 

nuclear resonance frequency of the targeted nuclei, such as 1H and 13C, of the ordered domains 

and the amorphous domains. After decomposition of the resonance spectra into the two parts of 

ordered and amorphous components, the DoC is given by the percentage of the intensity of the 

ordered components75, 80. DSC is an absolute method. In the DSC method, the DoC is characterized 

by the ratio of the specific enthalpy of fusion of the semicrystalline material to that of a 100% 

crystalline material79. However, pure crystalline materials are not available for most polymers. The 

reference melting enthalpy of a 100% crystalline material needs to be corrected for finite crystal 

size76 or extrapolated with the help of GIWAXS or NMR data79. rDoC can also be characterized 

by measuring the mass density with density gradient column75. The measured mass density of a 

semicrystalline material is assumed to be the sum of the percentage of the mass density of the 

crystalline and amorphous components. The mass density of the amorphous components can be 

estimated from the molten state81 and that of a 100% crystalline material can be calculated based 

on the structural information of the unit cell82. It should be noted that various methods described 

above do not necessarily give the same values of DoC since the detected order or crystallinity 

depends on the sensitivity of the techniques. For example, DoC determined by NMR is often 

greater than that from X-ray diffraction since NMR peaks of ordered phases are based on the 

segmental conformation. Local order can contribute to NMR peak, but not for X-ray diffraction 

peaks. However, DoC values from different methods are in qualitative and relative agreement with 

each other. For example, rr-P3HT with molecular weight of 13 kg/mol, 23 kg/mol, 34 kg/mol are 

reported with DoC of 56%, 49%, 47% from X-ray diffraction, 66%, 60%, 56% from NMR, and 

41%, 22%, 17% from mass density, respectively75. 

Characteristic length versus size and associated terminology

An important issue for any GIWAXS measurements is what kind of length scale is determined and 

how it is translated into a size. There are often two different size scales in a material that need to 

be differentiated conceptually. A domain may consist of several grains or crystallites which are 

fused together with large or small angle grain boundaries83, 84 (Figure 3a). In the literature, domain 

and grain are often used incorrectly interchangeably, yet it is grain and crystallites that are 
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synonymous. To avoid confusion and provide consistency, we follow the terminology of the Salleo 

group23, 83, 85. Furthermore, grain is the terminology of inorganic materials or small molecule 

systems. For semiconducting polymers, crystallite is used almost universally and we simply have 

only ordered domains with domains walls or disordered material between crystallites. As the 

quality of the ordering decreases and the paracrystallinity increases, what is determined by X-ray 

analysis is strictly speaking no longer the size of a crystallite, but column length that gives rise to 

coherent scattering. Since equation (3) asserts empirically that real paracrystallites have finite size, 

one can, in practical terms, think of the materials consisting now of paracrystallites which are 

defined by their size determined by equation (3) if the g parameter is obtained. We caution though 

that such conversion to size should be taken with a grain of salt, as Scherer equation, W-H, W-A, 

and α-law are not consistent with each other. Relative comparison using the same analysis 

protocols to differentiate changes between samples will be safest when drawing conclusions. 

The domain size and shape are generally not accessible by GIWAXS, but by light microscopy, 

atomic force microscope (AFM), polarized optical microscopy (POM), scanning tunneling 

microscopy (STM), or small angle X-ray scattering (SAXS) or resonant soft X-ray scattering 

(RSoXS). Crystallite size is accessible with GIWAXS if the defects inside the crystallite do not 

affect the coherent diffracting. In general, the spatial extent that is measured in GIWAXS is the 

characteristic length of coherently diffracting regions71. The interpretation of the resulting 

coherence length is subject to the analysis described above and summarized in Scheme 1. To 

unambiguously determine size, W-A analysis is required. Size cannot be unambiguously assessed 

with GIWAXS from a single peak.

This kind of size relation on multiple length scales exists even in domains referred as “single 

crystals”. For example, macroscopic single crystals of polyethylene (PE) exhibit a well-defined 

rhombus shape, but are actually composed of many so-called micro-paracrystals (MPC)66, as 

shown in Figure 4b. In order to be consistent with the commonly used crystallite terminology, we 

call the MPCs paracrystallites. Similarly, in semiconducting polymer cases of P3HT, STM images 

show clear domains composed of fused grains or crystallites spanning over hundreds of 

nanometers (Figure 4c), where the crystallites with different orientations are interconnected by 

folded chains. Even PM6 shows similar size relation. The AFM phase image of PM686 (Figure 

4d) implies ordered regions embedded in a disordered matrix with the ordered regions tens of 
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nanometers in size, while the coherence length of (100) and (010) are only 7.4 nm, and 4.9 nm, 

respectively from Scherrer analysis of the GIWAXS data (Table 1). The size from equation (3) 

would be 1.4 nm for (100) and 0.27 nm for (010), pointing out again the discrepancy. 

Figure 3. a) Schematics for a domain composed of crystallites. b) TEM image of the ‘single crystal’ of 

polyethylene, indicating that it actually consists of 300Å MPCs aligned parallel to each other66. Adapted 

with permission from ref. 66. c) 153.7 nm  157.1 nm scanning tunneling microscopy (STM) image of ×

P3HT84. Adapted with permission from ref. 84. d) The AFM phase image for neat PM686. Adapted with 

permission from ref. 86.

Blends 

In many applications, such as OSC blends, the diffraction peaks of the two or more components 

often overlap, particularly the (010) peaks, and quantitative GIWAXS analysis is considerably 

complicated if not entirely prevented. This complication has in part hampered achieving universal 

insight regarding the desirability of the degree of ordering and quality of ordering in OSCs as well 

as other applications using blends. We note, as will be shown explicitly below, that many of the 

best donor polymers for OSC applications (e.g., FTAZ, PTB7-Th, and PM6) are not very well 

ordered. Nonetheless, positive correlations in performance are generally associated with improved 
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molecular ordering (i.e., larger coherence length and higher DoC/DoO) as well as face-on 

orientation87, 88. This complex applied topic warrants its own review. 

3. Classification of Ordering According to Melting and the g Parameters 

In this section, we are going to delineate five broad classification categories based on the degree 

of disorder (amorphous to semi-paracrystalline) and provide some examples of a broad range of 

representative polymers as illustrations and examples with the materials shown in Figure 4. For 

the semi-paracrystalline materials, we will only discuss the paracrystalline portions. The GIWAXS 

data and shape analysis results for (h00) peaks (to determine whether single peak estimation of g 

is applicable) along with the DSC thermograms are shown in Figure 5. Key parameters derived 

from GIWAXS and DSC for classification are summarized in Table 1 and Figure 6. All GIWAXS 

data are acquired at beamline 7.3.3 at Advance Light Source (ALS)89. The FWHMs used for Lc 

and g estimation in Table 1 have been corrected from instrumental resolution including the 

contributions from the beam divergence, the beam bandwidth and the geometric smearing63.
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Figure 4. a) Two types of conjugated polymers (left: homopolymers, which may have various sidechains, 

right: donor-acceptor (D-A) alternating conjugated copolymers with push-pull effect). b) The chemical 

structure of two amorphous nonconjugated reference polymers. c) The chemical structure of the conjugated 

polymers used here.
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Figure 5. a-l) The GIWAXS patterns of PMMA, PS, PCDTBT, PTB7-Th, FTAZ, PM6, PBDB-T, 

P(NDI2OD-T2), DPP3T, PTQ10, PffBT4T-2OD, and PBTTT-C12, respectively. m) The 1st heating of DSC 

thermograms with the heating rate of 10 ℃/min of neat materials solution-cast from chlorobenzene (expect 

for PMMA, PS, PM6, PCDTBT, and PTQ10 which are cast from chloroform). Since the highest 

temperature reached here is ~ 300  390 ℃, we cannot rule out the possibility of features (e.g., melting ―

peak) beyond the measured range. The thermograms were vertically shifted and some profiles are enlarged 

to magnify the features. n) Pseudo-Voigt mixing parameter, η, as a function of peak order of (h00).

Table 1. Summary of parameters characterized by DSC and GIWAXS for representative conjugated 

polymers of high interest in organic electronics. Two amorphous insulating polymers (PS and PMMA) and 

crystalline TIPS pentacene are included for comparison purposes.
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Polymer Melting 

temperature 

Tm (∆Ta) 

[℃]

Melting 

enthalpy 

ΔHm 

[J/g]

Highest 

(h00) 

order 

(h)

Lc of 

lamellar 

stacking 

(Lc (100)) 

[nm]

Number 

of (100) 

stacked 

layers 

Lc of π-

stacking 

(Lc (010)) 

[nm]

Number 

of π- 

stacked 

layers (n)

 η of 

(100)/ 

(010)    

g for 

(100) 

peak

g for 

(010) 

peak

Remark

PMMA N/A N/A N/A N/A N/A 1.4 2.1  /0.99 N/A 28%b 3D amorphous

PS N/A N/A N/A N/A N/A 1.3 2.7  /0.8 N/A 24%b 3D amorphous

PCDTB

T
271.5 (10.5) 1.14 1 2.7c> 1.5 1.6 4.2 0.32/1 32%90 20%

Oriented 

amorphous

PTB7-Th N/A N/A 1 5.3 2.3 1.5 3.8
0.6/ 

0.94
27% 20%

Highly 

disordered

FTAZ N/A N/A 1 5.8 2.9 1.7 4.6 0.55/1 - 19%
Highly 

disordered

PBDB-T N/A N/A 3 10.8 5.1 1.9 5.1 1/1 14% 18%
Highly 

disordered

PM6 N/A N/A 3 7.9 4.2 1.8 4.9
0.6/ 

0.6
17% 18%

Highly 

disordered

P(NDI2

OD-T2)
312.3 (12.0) 15.9 4 44.3c> 17.8 1.6 5.7 0.4/1 4%24 17%

2D semi-

paracrystalline

PDPP3T 283.5 (27.1) 17.4 3 7.4c> 3.9 2.0 5.3
0.35/ 

0.8
13% 17%

2D semi-

paracrystalline

PTQ10 356.7 (47.3) 17.7 3 9.7c> 4.2 3.4 9.8 0.5/1 13% 13%
2D semi-

paracrystalline

PffBT4T

-2OD
277.8 (8.9) 21.5 4 22.1c> 10.9 5.1 14.7

0.35/ 

0.96
10% 11%

3D semi-

paracrystalline

P3HT 222.8 (18.3) 19.7 3 15.7 9.2 7.0 18.4 0.25/1 8% 9%
3D semi-

paracrystalline

PBTTT 230.8 (60.6) 23.2 491 15.7 7.9 8.391 22.3 -/1 7%91 8%
3D semi-

paracrystalline

TIPS-P 

entacene
261 (4.3)92 25.692 424 - - 89.793 115.0 - 0.3%24 4%24 Crystalline

Here, the g parameter for (100) of PBDB-T, PM6, DPP3T, PTQ10, PffBT4T-2OD, and P3HT are obtained 

from the W-H analysis while all other g parameters are estimated with single-peak width analysis, which is 

a good estimation of the paracrystallinity when paracrystallinity dominates the peak shape24. N/A refers to 

that the materials do not show corresponding features. “-” refers to that the corresponding parameters are 

able to be extracted for the materials, but we do not have the data here. 
a ∆T refers to the peak width of the melting peak. 
b Since there is no π-π stacking peak for PS and PMMA, the peak used here is their amorphous peak with 

the highest intensity. 
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c “ ” is due to the η  0.5, which implies that lattice parameter fluctuation and/or finite size contribute to > <

the peak broadening. If lattice parameter fluctuation dominates the peak broadening, we cannot make any 

conclusion on size scale. Here we take the values from the Scherrer equation as a lower limit. Given the 

higher (h00) orders observed, PM6 and PBDB-T might be 2D para-crystalline with a Tm that is not 

detectable in DSC. TIPS-Pentacene is not a polymer, but a crystalline organic semiconductor that is 

included here as a reference for material considered highly crystalline despite a g(010) of 4%. The data of the 

10th column for TIPS-Pentacene is shown for (001) stacking. 

Figure 6. Summary of 11 representative semiconducting polymers on a disorder-order scale characterized 

by the g parameter of the (010) peak. Relevant parameters such as Tm, h (l), n, and g(010) refer to the melting 

temperature (in Celsius), the presence of the highest order of lamellar (backbone) stacking, the number of 

π-π stacked layers, and the paracrystalline disorder parameter for (010) peaks, respectively. We note that 

TIPS-Pentacene is not a polymer, but an organic small molecule semiconductor typically considered 

“crystalline”.

The 2D patterns shown in Figure 5 do not exhibit off-axis, mixed index peaks (hkl) and there is 

not enough ordering and information for unit cell parameters determination. It is assumed that the 

molecular packing is orthorhombic unless explicitly noted. Furthermore, the molecular ordering 
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of a material depends on its processing history (casting solvents, additives, annealing, coating 

method, etc.). To provide some aspects of relative comparison, all GIWAXS data provided in 

Figure 5 are acquired from as-cast films spin-cast with chlorobenzene and without any additive, 

and the DSC data are acquired at a rate of 10 ℃/min heating/cooling from films drop-cast from 

chlorobenzene. The presence/absence of melting peak in DSC is a critical feature for the 

classification of amorphous/highly disordered or semi-paracrystalline that will be discussed in 

detail below. However, the highest temperature reached here is ~ 300 – 390 ℃ (Figure 5 m), we 

cannot rule out the possibility of the presence of melting peak beyond the measured range. The 

classification below for specific polymers will be only based on the data we have. The properties 

of the molecular ordering characterized here are processing dependent rather than the intrinsic 

properties of the polymers at the thermodynamic limit. 

Combining GIWAXS and DSC, we classify the polymers as described below into categories, based 

on the degree of disorder and the presence or absence of a glass transition or melting transition: 

3D amorphous, oriented amorphous, highly disordered, 2D semi-paracrystalline (2D 

paracrystallites) with g < 12% along the most ordered direction but amorphous/highly 

paracrystalline characteristics along the least ordered direction (g > 12%); and 3D semi-

paracrystalline (3D paracrystallites) with g(100) < 12% and g(010) < 12%. The labels “crystalline” 

and “semicrystalline” are reserved for materials with long-range order with g < 2% and DoC of > 

80% and < 80%94, respectively. One key dividing line between amorphous/highly disordered and 

semi-paracrystalline is the presence or absence of a melting transition in DSC. Samples that show 

a melting peak in DSC are clearly not amorphous since they possess sufficient ordering in at least 

one dimension to provide a melting endotherm. We note that based on the melting enthalpies 

observed here in P3HT (ΔHm 19.7 J/g corresponds to DoC of 40% with  49 2 = ∆𝐻∞
𝑚(𝑃3𝐻𝑇) =  ±

J/g76), we surmise that  even the 3D semi-paracrystalline samples still have a considerable volume 

fraction of disorder. Hence the use of “semi-” refers to the degree of ordering that is likely less 

than 50% in most samples. The main difference between 3D amorphous and oriented 

amorphous/highly disordered samples lies on that 3D amorphous samples show isotropic 

orientation in GIWAXS peaks while oriented amorphous/highly ordered samples show a certain 

preferential orientation in GIWAXS peaks. The overall classification scheme is illustrated and 

displayed in Figure 7 and quantitative analysis results are summarized in Table 2. Care must be 

exercised with criterion as only a θ-2θ scan or rocking scan will provide accurate intensities along 
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the specular rods (h00). In GIWAXS, the extent of the arching of the (h00) peaks needs to be 

considered as the visibility of higher orders is strongly coupled to mosaicity where a highly ordered 

film with very small mosaicity (near perfect edge-on orientation) might only show a first order 

peak along (h00)95. We will discuss these classes and their defining characteristics in turn using a 

number of representative materials. 

Figure 7. Qualitative classification of molecular ordering of a polymer material on the quantitative order-

disorder scale using both GIWAXS and DSC criteria and schematic representations for various ordering. 

The 3D amorphous materials show glass transition and no melting peak in DSC and broad, featureless, 

isotropic scattering peaks in the GIWAXS pattern. The oriented amorphous/highly disordered conjugated 

polymers only show lowest order, broad peaks in the GIWAXS pattern (indicating some local short-range 

orientational order) with no melting peak in DSC heating scan while oriented amorphous polymers show a 

Tg in DSC but highly disordered polymers do not. The ordered (semi-paracrystalline) material can be 

characterized by a melting peak observed in DSC and 2D or 3D ordering according to the GIWAXS data 

and g parameter analysis. For the ordered conjugated polymers, we classify them into two types, the 2D 

and 3D semi-paracrystalline. Both classes show a melting transition in DSC, although with different widths, 

and the GIWAXS yields different g parameters. Note that the baselines in the DSC traces are highlighted 

with red lines to help characterize the thermal transitions.
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Table 2. Summary of classification criteria for semiconducting polymers

Classification Tg observed 

in DSC

Tm observed in 

DSC 

Highest 

(h00) order

Highest 

number of 

stacked layers

g for the 

least ordered 

peak

g for the 

most 

ordered peak

3D amorphous Yes No 1 1-3 ≥ 12% ≥ 12%

Oriented amorphous Yes No 1 1-3 ≥ 12% ≥ 12%

Highly disordered No No 1-3 3-5 ≥ 12% ≥ 12%

2D semi-paracrystalline

(2D paracrystallite)

No
Yes ≥ 3 ≥ 5 ≥ 12% < 12%

3D semi-paracrystalline

(3D paracrystallite)

No
Yes ≥ 3 ≥ 10 2-12% 2-12%

Crystalline

(crystallite)

No
Yes ≥ 3 ≥ 10 ≤ 2% ≤ 2%

For 3D amorphous polymers, we start the discussion with a pair of classical, amorphous polymers, 

atactic PS and PMMA, and then extend to representative 3D amorphous conjugated polymers. The 

GIWAXS patterns for atactic PS and PMMA are depicted in Figure 5. Although the atactic PS 

and PMMA are commonly identified to be amorphous polymers, they still scatter diffusely in 

GIWAXS experiments and show some scattering peaks. However, these scattering peaks are all 

broad and isotropically orientated in all angles, which is reported to be the halo patterns of 

amorphous polymers96, indicating the disordered/amorphous or noncrystalline state as well as the 

random texture. Atactic PS shows two scattering peaks at q ~0.71 Å-1 and ~1.36 Å-1, corresponding 

to an average spacing of 8.8 Å and 4.6 Å, respectively. After careful multi-peak fitting with Voigt 

distribution and a log cubic background, the fitted FWHM of the two peaks are 0.48 Å-1 and 0.5 

Å-1, respectively, corresponding to a Lc of 1.31 nm and 1.26 nm. Since the peaks are so broad, it is 

difficult to differentiate the background intensity from the tail of a broad peak, the peak widths 

fitting here have relatively large uncertainty. Comparing the Lc values (1.31 nm and 1.26 nm) with 

nominal d-spacings (8.8 Å and 4.6 Å), the Lc is only around two to three molecular layers thick, 

which is similar to that of a disordered liquid, indicating the disordered properties of PS. The g 

parameter estimated from single-peak analysis of the peaks at ~0.71 Å-1 and ~1.36 Å-1 of atactic 

PS is calculated to be 32.8% and 24.2%, respectively. It is current practice that g  12%, which =
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is the g parameter of the amorphous glassy materials such as amorphous SiOx/Si,97 marks the 

boundary of amorphous and semicrystalline. The high g parameter in atactic PS suggests that it is 

indeed amorphous and even more disordered than amorphous SiOx. PMMA also shows a similarly 

broad, isotropically orientated scattering peak that corresponds to approximately two molecular 

layers for the peak located at ~ 0.96 Å-1. The g parameter is estimated to be 28%, again indicating 

an amorphous material. Meanwhile, the DSC thermograms of atactic PS and PMMA show no 

melting peak, but a pronounced glass transition, confirming that atactic PS and PMMA are 

amorphous polymer with their properties summarized in Table 1. Some non-polymeric examples 

of amorphous materials are supercooled liquids and molecular glasses98, 99, like o-terphenyl. For 

conjugated polymers, materials such as regio-random P3HT and PTAA27 are 3D amorphous 

polymers, with a broad, featureless scattering peak in GIWAXS. With regard to nomenclature, 3D 

amorphous polymers are fully amorphous with the lack of positional ordering in any direction. The 

examples of PS and PMMA illustrate nicely that observation of a diffraction/scattering peak does 

not indicate “ordering”, much less any degree of “crystallinity”, a fact worth keeping in mind when 

qualitatively describing and analyzing GIWAXS data of semiconducting polymers. 

For highly disordered conjugated polymers, there is no observable melting peak in DSC. In 

addition, their GIWAXS patterns generally only exhibit a (100) lamellar peak and a (010) π-π 

stacking peak, without any higher order (h00) peaks. We call it “highly disordered” rather than 

“amorphous” since there is no observable glass transition in conventional DSC, which is reported 

to be ascribed to the stiff backbone that yields a minimal conformation change above and below 

Tg with a small specific heat capacity change100. Take PTB7-Th as an example, there is no melting 

peak observed in the DSC scan, neither clear glass transition due to the increased conjugation in 

backbone with large aromatic rings. With GIWAXS, PTB7-Th only shows the alkyl lamellar peak 

(100) at ~ 0.27 Å-1 and π-π stacking peak (010) at ~1.61 Å-1, as shown in Figure 5. The Lc of (100) 

and (010) peak is 5.3 nm and 1.5 nm, respectively, which corresponds to around 2.3 and 3.8 

molecular layers in the lamellar and π-π stacking direction, respectively (details in Table 1), 

suggesting that the stacking in this direction is not extensive with only some local short-range 

orientational order. The g parameter related to the (100) and (010) peak is around 27% and 20%, 

implying amorphous characteristic in this direction. Some other important and popular polymers 

such as FTAZ, PBDB-T, and PM6 (for details see Table 1) show similar GIWAXS and DSC 

characteristics, such as disordered (100) and (010) peaks with corresponding g parameters >12%, 
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absence of the higher order diffraction peaks, and absence of melting peak in DSC scans. We note 

that PBDB-T and PM6 might be exceptions, in that they do exhibit higher order (h00) peaks. The 

pseudo-Voigt mixing parameter η of (h00) and (010) for PBDB-T is ~1, indicating paracrystallinity 

dominates peak broadening, with g parameters of 19% and 18%, respectively. This strong disorder 

(only 3-5 layers of lamellar and π-π stacking) might explain the lack of melting peak in DSC. 

However, we cannot rule out the possibility that some of the polymers classified here as highly 

disordered might be locally ordered enough that more sensitive techniques, such as fast scanning 

calorimetry (or so-called flash DSC), might be able to detect melting. We emphasize here that the 

ordering or packing is so limited in range (to 2-5 molecules) in all directions that we advocate 

shunning the use of “paracrystallite”, let alone “crystallite”, as the qualitative label to describe the 

spatial extent and arrangements of the packing in this category of films and materials.

PCDTBT will be classified as oriented amorphous based on the disorder observed in GIWAXS 

and the clear Tg observed in DSC. However, it is reported45 to show some liquid crystalline 

properties, as we mentioned before. The GIWAXS of neat PCDTBT films as processed by us 

shows only the first order of alkyl stacking peak (100) at ~ 0.35 Å-1 and π-π stacking peak (010) 

at ~1.65 Å-1 in the out-of-plane direction. The peak shape analysis performed at (100) and (010) 

peaks indicates that the Lc of (100) and (010) peak is 2.7 nm and 1.6 nm, respectively, which is 

around 1.5 and 4.2 molecular layers, and the corresponding g parameter is around 32% and 20%, 

respectively (see Table 1), suggesting that PCDTBT is highly disordered. However, the DSC 

thermogram scan of PCDTBT shows a small melting peak at 271.5 ℃ with a very small enthalpy 

of 1.14 J/g, which is consistent with the reported nematic-isotropic transition temperature45. The 

small melting peak in DSC suggests that PCDTBT can be ordered although GIWAXS analysis 

would classify it as highly disordered. The volume fraction of the nematic-isotropic phase is likely 

very small as the DSC also shows a very clear Tg transition for PCDTBT from the amorphous 

phase that is dominating the GIWAXS signature. It is thus the combination of DSC and WAXS 

that provides for complete classification.

For the semi-paracrystalline conjugated polymers, we classify them into two types, the 2D and 3D 

semi-paracrystalline. Both classes show a melting transition in DSC, although with different 

widths, while the GIWAXS yields different g parameters. A representative 3D semi-

paracrystalline conjugated polymer is P3HT. Its GIWAXS 2D pattern101 shows distinctive (100), 
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(200), (300) lamellar peaks observed in the out-of-plane direction with q values of ca. 0.37 Å-1, 

0.77 Å-1, 1.14 Å-1, and well-defined π-π stacking peak (010) in the in-plane direction at q ~1.68 

Å-1, corresponding a d-spacing of ~3.8 Å. The presence of the higher order (h00) peaks implies 

better molecular packing of the alkyl chains and better ordering properties than the previously 

discussed amorphous/highly disordered polymers. Although there is no observed off-axis (hkl) 

peaks for exact unit cell determination with P3HT films processed here (spin cast from 

chlorobenzene), it is reported in literature for some highly oriented P3HT films. M. Brinkmann et 

al.82, 102  reported that the highly oriented P3HT thin film via directional epitaxial crystallization 

show a monoclinic unit cell after detailed analysis with the presence of enough off-axis, mixed 

(hkl) peaks in electron diffraction patterns while T. Prosa et al. 103 reported an orthorhombic unit 

cell for stretch-oriented P3HT films. The Lc of the P3HT (010) peak is 7.0 nm, which is around 

18.4 molecular layers in the π-π stacking direction, exhibiting a relatively long-range order in this 

direction. The g parameter for (010) peak is around 9%, indicating paracrystalline ordering. The 

DSC scan with a heating rate of 10 ℃/min shows a pronounced melting peak at ~222.8 ℃ with a 

relatively large melting enthalpy of 19.7 J/g. We label P3HT as 3D semi-paracrystalline based on 

these DSC and GIWAXS characteristics, i.e., relatively long-range ordered π-π stacking, the 

presence of higher order (h00) peaks, and the observed melting signal in DSC. Similarly, polymers 

such as PffBT4T-2OD and PBTTT are also characterized to be 3D semi-paracrystalline. Details 

are provided in Table 1. Only in these cases would it be appropriate to use the qualitative label 

“3D paracrystallite” to describe the spatial arrangement and extent of the molecular packing. 

2D semi-paracrystalline polymers also exhibit a DSC melting peak. In contrast to 3D semi-

paracrystalline polymers, there is an apparent lack of ordering in the π-stacking direction as 

characterized with GIWAXS. Despite the lower ordering in their π-stacks, they can form 2D 

paracrystallite with local short-range order, providing effective pathways for intermolecular charge 

transport that results in much higher charge mobility than observed in amorphous/highly 

disordered polymer systems. A typical 2D semi-paracrystalline conjugated polymer is PDPP3T. 

The GIWAXS pattern of PDPP3T shows discernible (100), (200), (300) lamellar peaks at q values 

of around 0.33 Å-1, 0.65 Å-1, 0.95 Å-1, respectively, and (010) π-π stacking peak in the out-of-plane 

direction at q ~1.66 Å-1, corresponding a d-spacing of ~3.7 Å. The Lc of (010) peak is around 2.03 

nm, which is approximately 5.3 molecular layers in the π-π stacking, implying a relatively short-

range order in this direction. Moreover, the g parameter for (010) peak is calculated to be 17%, 
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suggesting amorphous properties. Also, the absence of off-axis peaks indicates structural disorder 

in the lattice. The DSC scan with a heating rate of 10 ℃/min shows its melting point at ~284 ℃ 

with the melting enthalpy of 17.4 J/g. Therefore, although PDPP3T shows semicrystalline melting 

characteristic, its molecular packing and ordering extend only over a short-range. Another example 

is P(NDI2OD-T2) (also known as N2200), which not only shows higher order (h00) peaks, but 

also exhibits (001), (002), (003) backbone peaks in GIWAXS 2D patterns, indicating good 

molecular packing. (NB: The absence of (00l) peaks in many other materials might not be due to 

disorder along the backbone, but a lack of scattering contrast between backbone moieties.) 

However, all peak widths reflect less than 10 layers of packing in each direction, including in the 

π-stacking direction. Accordingly, P(NDI2OD-T2) is classified as 2D semi-paracrystalline. We 

advocate that the most appropriate qualitative terminology to describe the spatial extent of the 

molecular packing is “2D paracrystallite”. We note though that this classification is based on the 

assumption that lattice parameter fluctuations are not contributing significantly to the peak 

broadening that the g parameter calculated measures the paracrystalline, i.e., cumulative, lattice 

disorder. 

In summary, we classified the semiconducting polymers into five categories: 3D amorphous, 

oriented amorphous, highly disordered, 2D semi-paracrystalline, and 3D semi-paracrystalline. 3D 

amorphous polymers only show less than three molecular layers of stacking with g 12% in all ≥

directions and exhibit only a Tg without Tm in DSC. Highly disordered polymers show similar 

characteristics with 3D amorphous ones except that the orientation distribution is not completely 

isotropic and some preferred edge-on or face-on population is present (the detailed analysis of this 

distributions warrants a separate review and is not included here). The semi-paracrystalline 

polymers show a melting transition in DSC and higher order diffraction peaks in GIWAXS with 

at least one direction of g 12%. For 2D semi-paracrystalline polymers, the g parameter for the <

least ordered direction is still 12%, resulting in 2D ordered platelets. In contrast, the g ≥

parameters are less than 12% in all three directions for 3D semi-paracrystalline polymers. Still, 

there are also some conundrums that need to be resolved in the semiconducting polymer fields.

4. Toward Polymer Crystals with g <5% and Long Coherence Length
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The prior section has made it clear that even the most highly ordered semiconducting polymers to 

date have a g parameter of >6% in the π-π direction, and then the question is: Can semiconducting 

polymeric materials with significantly lower g parameters be designed? In this section, we are 

going to discuss the challenging tasks of pursuing large crystals and near-perfect semiconducting 

polymer crystals with low lattice disorder and possible approaches to achieving these goals.

4.1 Why it is Essential to Pursue Perfect Polymer Crystals

The molecular and mesoscale order of semiconducting polymers has been extensively studied and 

correlated with the charge transport properties, such as the exciton diffusion length and charge 

mobility, which are essential for high-performance devices. It is reported, for example, that the 

exciton diffusion length is a monotonic function of the extent of molecular order and its impact on 

energetic disorder104. X. Jin et al.105 recently reported that the exciton diffusion length can be as 

high as 200 nm in conjugated polymer nanofibers prepared by seeded growth to form well-ordered 

domains with increased molecular ordering and low energetic disorder. On the other hand, the 

charge mobility and material conductivity, are also reported to be related to the molecular order, 

such as the π-π stacking distance106, the coherence length107, 108, and the DoC106. The charge 

mobility can vary by several orders of magnitude and the highest charge mobility can be found in 

single crystals109. Forming a perfect crystal is an essential way to improve the charge transport 

properties of these polymers.

However, the crystallites formed by polymeric materials deviate substantially from perfect crystals, 

lacking ordering in one or two crystallographic axes. Also, the coherence length of the π-π stacking 

is generally reported to be only tens of intermolecular spacings even in the best cases. The lack of 

ordering in the π-stacking direction is particularly detrimental, given that an increase in Lc and 

DoC along the lamellar stacking direction has little impact on the electron transport properties due 

to the insulating nature of the solubilizing side chains110. Interestingly, Carpenter et al.26 reported 

recently that the lamellar packing of FTAZ with appropriate processing can exhibit a highly 

ordered side-chain layer and lamellar ordering with a coherence length >70 nm (limited by 

instrumental broadening) that corresponds to more than 150 intermolecular lamellar spacings. This 

opens up an opportunity and possibility to pursue crystals with long-range molecular order in all 
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directions, including backbone and π-stacking, if this ordering can be achieved synergistically for 

the backbone and sidechains. 

4.2 Challenges of Achieving Perfect Crystals: 2D Crystalline Platelets and Nanocomposites

Although mesoscale ordering and texture in semiconducting films are also very important111-113, 

these factors are complex and warrant their own review. Here, we will focus on molecular level 

interactions and ordering.

A perfect crystal of semiconducting conjugated polymers is expected to show excellent ordering 

along all three crystallographic axes, which are the π-π stacking direction, side-chain lamellar 

packing direction, and the backbone direction. In such cases, a unit cell is well defined. However, 

high level or paracrystalline disorder is prevalent even in the best cases. This must ultimately be 

connected to the chemically and structurally dissimilar nature and function of the backbone and 

side chains. In essence, these materials are “amphiphilic” by design, with the sidechains solely 

introduced to provide improved solubility. The ordering along the backbone and π-stacking 

directions in such “amphiphilic” materials are not necessarily achieved synergistically with 

ordering in the lamellar stacking direction or ordering between alkyl side chains. The competing 

interactions in the presence of structural, covalent constraints lead to frustration that is the most 

likely underlying factor that prevents crystal formation and leads to small coherence ellipsoids and 

the general inability to determine unit cells. 

Early indications of the importance of solid (ordered) versus liquid (disordered) sidechains were 

observed in the paracrystalline to liquid crystalline transition of PBTTT, which was attributed to 

ordered vs. disordered sidechains and sidechain vs. backbone competition in a variety of 

semiconducting conjugated polymers. FTAZ, which we classified above in spun cast films as an 

highly disordered polymer with g(010)=19% can, for example, under certain processing conditions 

(e.g., drop-cast with high boiling point solvent) exhibit unusually long Lc for lamellar ordering that 

induces significant torsional backbone disorder, resulting in a multilayered nanostructure 

consisting of the ordered sidechain layers alternating with disordered backbone layers26. The 

sidechain ordering in FTAZ had characteristic GIWAXS, DSC, optical and near edge x-ray 

absorption fine structure (NEXAFS) signature. Upon melting of the highly ordered sidechain 
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nanophase, the backbones are no longer torsionally constrained and thus able to π-stack more 

efficiently. This form of a nanolayered structure, with some order in the backbone layer but 

disorder in the side-chain layer, is what is typically produced in spin-cast FTAZ films. NEXAFS 

spectroscopy could directly demonstrate this competing ordering, as shown in Figure 8. The 

NEXAFS spectra of drop-cast FTAZ (Figure 8a) show two characteristic peaks at 287.4 and 288.1 

eV, corresponding to C 1s → σ*C-H transitions of trans conformations that agree well with the 

published NEXAFS for a nonadecane crystal114. This demonstration of the high degree of 

sidechain ordering is further corroborated by strong angular dependence of the NEXAFS intensity. 

Considering the C 1s → π*C=C NEXAFS transition region of ~283.5-287 eV related to the 

backbone, only a single, broad peak is observed with limited angular dependence. This suggests a 

disordered backbone with near random orientation distribution. In contrast, the NEXAFS spectra 

of spin-cast FTAZ (Figure 8b) show the opposite characteristics with highly ordered backbone 

(splitting peak in the C 1s → π*C=C transition that exhibit angular dependence) but disordered 

sidechain with a single peak for the C 1s → σ*C-H transitions that do not exhibit any angular 

dependence. Similar NEXAFS characteristics are observed in PCDTBT (Figure 8e), P(NDI2OD-

T2) (Figure 8g) and P3HT films. Additionally, the GIWAXS pattern of drop-cast FTAZ exhibits 

a strong, sharp feature at ~1.47 Å-1, highlighted with red arrow in Figure 8c, indicating the high 

degree of sidechain ordering, while these features are not present in spun-cast FTAZ film (Figure 

8d). These characteristic features for high degree of sidechain ordering are also present in drop-

cast PCDTBT (Figure 8f) and P(NDI2OD-T2) (Figure 8h) films, but not in spin-cast films (not 

shown here). The competition between the sidechain and the backbone ordering with characteristic 

NEXAFS and GIWAXS characteristics is also observed in PCDTBT, P(NDI2OD-T2) and P3HT 

films and might, therefore, be a general feature of most semiconducting materials to date. This 

indicates that expectations of molecular packing with a well-defined unit cell are maybe misplaced 

and that most current materials have to be considered nanomaterials with alternating ordered and 

disordered layers. The general lack of observing the characteristic features for alkane ordering in 

most GIWAXS data indicates that most processing conditions lead to a disordered alkane 

nanolayer. 
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Figure 8. NEXAFS spectra that demonstrate the competition between backbone ordering and sidechain 

ordering and GIWAXS patterns that show the high degree of sidechain ordering for drop-cast thin films 

from chlorobenzene26. Reproduced with permission from ref. 26. The NEXAFS spectra for a) drop-cast 

FTAZ and b) spin-cast FTAZ, where 90° is normal incidence. GIWAXS patterns for c) drop-cast FTAZ 

and d) spin-cast FTAZ. NEXAFS spectra at normal incidence of drop-cast and spin-cast films of e) 

PCDTBT, and g) P(NDI2OD-T2). 2D GIWAXS patterns from drop-cast films of f) PCDTBT, and h) 

P(NDI2OD-T2). The sharp features at ~1.47 Å-1 highlighted with red arrows in drop-cast films indicate the 
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high degree of sidechain ordering. i) The demonstration of the competition between the backbone ordering 

and the side-chain ordering. 

4.3 Possible Approaches Towards Single Crystals with Low g Parameters

Although a lot of challenges still existing in pursuing the creation of perfect crystals, there are 

some possible solutions. Two aspects need to be separately considered: 1) the mesoscale size of 

ordered domains and DoC one can achieve, and 2) molecular packing and its lattice disorder as 

captured in the g parameter. The mesoscale order is often impacted by kinetic and external factors. 

However, it should generally be coupled to the molecular packing. The lower the g parameter, the 

larger the paracrystallites and the easier it should be to achieve macroscopically ordered domain 

and high DoC.

Solvent engineering is a facile approach to induce mesoscale ordering for paracrystalline polymers, 

in which ordered domains, similar to the PE crystals discussed above, are composed of micro-

paracrystals aligned together. For instance, Müller et al.115 induced macroscopic-sized, highly 

ordered domains of P3HT (Figure 9a) via a mixture of crystallizable solvent 1,3,5-

trichlorobenzene (TCB) and a second carrier solvent such as chlorobenzene. The solidification was 

initiated by growth of macroscopic TCB spherulites and followed by replicated epitaxial ordering 

of a variety of conjugated polymers, such as P3HT and PCPDTBT, on TCB crystals. When TCB 

is removed, the macroscopic-sized P3HT or PCPDTBT spherulites were left behind. Except for 

the enlarged size of the ordered domains, the induced spherulites also show more preferentially 

face-on orientation and the paracrystallites have a smaller g parameter for the π-π stacking as 

inferred here from the narrower diffraction peaks as published. Another way to improve the 

mesoscale order is strain-induced alignment. Jimison et al.116 reported that P3HT can be 

directionally crystallized over micrometers (Figure 9b) with the help of TCB, which at first acts 

as a solvent and then as a substrate for polymer epitaxy after TCB solidifies in characteristic 

needle-like crystals. 

The coupling of mesoscale and molecular ordering was also observed by X. Jin et al.105 that a well-

ordered semiconducting nanofiber core with a solvated, segmented corona with polythiophene at 

the nanofiber ends (Figure 9c), exhibit unusually high exciton diffusion and charge transport 
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properties. The improvement is correlated with the increased molecular ordering for the conjugated 

polymer as observed by WAXS and the pronounced vibronic structure and narrow spectral 

linewidths in the photoluminescence. The relationship of molecular ordering to molecule design 

was nicely elucidated by B. Kang et al.117, demonstrating that the molecular packing of PNDIF-

T2 and PNDIF-TVT are dominated by the strong self-organization of the semifluorinated 

sidechains with a tight interdigitation of antiparallel sidechains rather than by the interactions 

between the backbones. In PNDIF-T2, the strong self-organization of the sidechains lengthens the 

polymer backbone from 14.3 Å (DFT expectations) to 15.8 Å (experiments). The d-spacings along 

the backbone direction are further extended to 16.2 Å with the use of 1-chloronaphthalene additive. 

This extension of the polymer chains along the backbone changes the dihedral angles between the 

repeating units driven by the closely packed hexagonal structure of the fluorinated sidechains as 

shown in Figure 9d.

Figure 9. a) The spherulite-like structure of P3HT formed as a replica of the original TCB spherulites115. 

Reproduced with permission from ref. 115. b) The micrometer-sized directionally crystallized P3HT 

induced by mechanical strain116. Reproduced with permission from ref. 116. c) Schematic of the highly 

ordered nanofibers formed with the seeded growth process105. Reproduced with permission from ref. 105. 
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d) The closely packed structure of PNDIF-T2 via side-chain-induced self-organization117. Reproduced 

with permission from ref. 117.

4.4. Required Synthetic Controls

Highly ordered crystallites require highly controlled synthesis. The importance of stereochemistry 

has been long recognized and is exquisitely exemplified by the differences between regiorandom 

and regioregular P3HT, where the former is 3D amorphous while the latter one is of the most 

highly ordered materials. Sidechain interdigitation provides a mechanism for three-dimensional 

ordering. However, high sidechain attachment density prevents sidechain interdigitation and long-

range intermolecular organization. For example, the sidechain density in P3HT is too large to 

permit interdigitation when the backbone is well packed118 and mostly results in two-

dimensionally ordered, smectic-like structure without registry between layers. In contrast, the side-

chain attachment densities of PBTTT and PQT are sufficiently low to permit the interdigitation of 

side chains, which preserves the packing structure by interlocking adjacent layers and thus promote 

three-dimensional order119.

For push-pull copolymers, packing defects can occur when head-to-head synthesis disrupts the 

creation of a perfect alternating copolymer. Such defects have been beautifully visualized in the 

case of C14DPPF-F120. The high-resolution scanning tunneling microscopy (STM) image of 

C14DPPF-F polymer on Au(111) indicates straight and tightly aligned polymer backbones and the 

interdigitation of the alkyl side chains. However, there are also darker gaps in the interdigitation 

sequence of side chains, highlighted with the white arrows in Figure 10a. Since the STM image 

displays a periodic sub-molecular contrast, the features in the STM image can be identified with 

the corresponding chemical structure of C14DPPF-F as described in Figure 10c. At the position of 

the gaps, the model is inverted through a mirror plane perpendicular to the polymer backbone 

(Figure 10b), resulting in an ABBA monomer sequence instead of the regular ABAB sequence, 

where A monomer refers to DPPF unit and B monomer is the furan (as shown in Figure 10d). The 

schematic demonstration in Figure 10e-h also shows that the resulting gaps in the sidechain 

interdigitation with ABBA sequence (Figure 10h) will result in similar gaps with actual defects 

shown in the STM image. These chemical defects result from the homocoupling between the DPP-

containing units, which implies that new synthetic strategies are required to avoid these defects.
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Figure 10. a) High-resolution scanning tunneling microscopy (STM) image of C14DPPF-F polymer on 

Au(111) of polymer backbones and interdigitation of the alkyl side chains. White arrows indicate gaps in 

the sidechain interdigitation. The molecular model is superposed onto part of the central polymer strand 

indicating the backbone in b) and the side chain interdigitation in c) (where C atoms are shown in gray, O 

in red, N in blue, and H in white). d) Molecular structure of C14DPPF-F with the identification of the 

individual monomer units: DPPF (A) and furan (B). Structure and schematic representation (with alkyl 

chains by thin gray lines, and the DPP units by green segments) of defect-free C14DPPF-F in the all-trans 

configuration in e) and with a single furan-furan cis arrangement in f). Structure and schematic 

representation of C14DPPF-F around an ABBA defect in the all-trans configuration in g) and with a single 

furan-furan cis arrangement in h). The ABBA defects are represented by red dots, and larger gaps in the 

chain interdigitation are represented by gray-shaded areas. Adapted with permission from ref. 120. We note 

that the molecules might be distorted relative to a bulk environment due to confinement to the surface.

Given the interplay of sidechain ordering and backbone ordering, defects or uncontrolled chemical 

structure in the sidechains might also be problematic and prevent perfect crystal formation. To 

some extent, it might not be surprising that the lowest g parameters have been achieved with 

unbranched sidechains and that the use of branched sidechains to improve solubility might be 

detrimental to structural order. Carpenter et al.26 thus speculated that stereochemistry control even 

in the branched sidechains might be the key for perfect ordering for high performance and to 

explore a synergistic ordering of the backbone and sidechain. This stereochemistry control is also 

favored by D. Venkateshvaran et al.121 that the charge transport in IDTBT approaches intrinsic 
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disorder-free limits with all molecular sites thermally accessible due to the molecular packing with 

planar, largely torsion-free backbone and disordered, non-interdigitated sidechain arrangement. 

5. Conceptual Graft Hetero-epitaxy of Backbone onto Sidechain Crystals: A New Molecular 

Design Perspective

In this final section, we attempt to provide some perspective and propose a forward-looking 

conceptual idea; a new molecular design paradigm to make perfect polymer crystal possible by 

conceptual backbone “graft hetero-epitaxy” onto side-chain crystals. We note that only a few 

semiconducting polymers have been synthesized that are 3D semi-paracrystalline, all of which still 

have g parameters > 6% in at least one direction. We deduce from the preponderance of the 

literature and the discussion above that poor ordering is due to the intrinsic molecular design, and 

specifically due to the current incommensurability of the ideal sidechain spacing defined by the 

crystalline state of the sidechains with the spacing determined by the available or convenient 

synthesis attachment points along the backbone. In other words, the spacing and density of the 

attachment points of the sidechains for a layer of perfectly ordered backbones do rarely correspond 

to the spacing and density in a fully ordered, crystalline sidechain layer. 

Examples about the two most ordered semiconducting polymers, P3HT and PBTTT, are provided 

to demonstrate the incommensurability of the sidechain spacing with the attachment points in the 

polymer backbone. The primitive unit cell of P3HT packing is commonly described as 

orthorhombic103, 122 although the monoclinic structure is also proposed82, 102, 123. Colle et al.122 

investigated the regio-regular head-to-tail P3HT (rr-HT-P3HT) by minimizing the total electronic 

energy with respect to all the geometrical parameters of the system with DFT and show that the 

minimum energy structure of the crystalline P3HT corresponds to a lattice of almost orthorhombic 

primitive cells with a = 16.7 Å, b = 7.5 Å, c = 7.9 Å, with the molecular packing shown in Figure 

11a, which contain two non-equivalent polymer chains. The proposed monoclinic unit cells are 

obtained by selected area electron diffraction (SAED) for regioregular P3HT by directional 

epitaxial solidification in TCB with a = 16.0 Å, b = 7.8 Å, c = 7.8 Å, γ = 93.5°102 or = 86.5°82. 

However, if the side chain of P3HT could freely crystallize into an alkane crystal of C6H14, they 

would exhibit a triclinic structure124 with unit-cell parameters of a = 4.17 Å, b = 4.70 Å, c = 8.57 

Å, α = 96.6°, β = 87.2°, γ = 105.0° (The n-hexane crystals were grown in sealed capillaries of 
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Lindeman glass with desired low temperature by liquid nitrogen). Therefore, the unit cell of the 

alkane crystals does not match with that of the unit cell of the polymer backbone. Similar situation 

of the mismatch is also present in PBTTT. The unit cell of PBTTT is reported to be triclinic, as 

shown in Figure 11c, with a = 19.6 Å, b = 5.4 Å, c = 13.6 Å, α = 136.0°, β = 84.0°, γ = 86.0° for 

PBTTT-C12
58 and a = 21.5 Å, b = 5.4 Å, c = 13.5 Å, α = 137°, β = 86°, γ = 89° for PBTTT-C14

125.  

On the other hand, the unit cell of the alkane crystals are both triclinic with  a = 4.28 Å, b = 4.81 

Å, c = 17.32 Å, α = 83.27°, β = 66.13°, γ = 74.00° for C12H26,  a = 4.29 Å, b = 4.82 Å, c = 19.84 

Å, α = 84.10°, β = 66.82°, γ = 73.00° for C14H30, which are predicted based on the unit-cell 

parameters of n-octadecane crystals126. Importantly, the results of Carpenter et al.26 have shown 

that the sidechain ordering can dominate energetically over the backbone ordering at room 

temperature in cases such as FTAZ where the distortions of the backbone must be energetically 

rather costly. 

We suggest that this strong ordering of the sidechains should be exploited and that the design and 

synthesis of semiconducting polymers borrow the concepts of heteroepitaxy from compound 

semiconductor thin film growth. It is likely instructive and advantageous to reverse the design 

considerations. While it is the backbone design that is currently contemplated first prior to 

synthesis and then various sidechains are attached in purely trial-and-error fashion wherever 

synthetically convenient, the reverse design process that starts with the sidechains might be 

interesting if not tantalizing to consider. 
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Figure 11. a) The packing of orthorhombic unit cell of the crystalline rr-HT-P3HT polymer. Reproduced 

with permission of ref. 122. b) The packing of monoclinic unit cell of rr-P3HT seen along the b and c axis. 

Reproduced with permission of ref. 123. c) The schematic illustration of the triclinic unit cell of PBTTT-

C14. Reproduced with permission of ref. 126.

Let us create a conceptual perfect 2D crystal layer of sidechains in-silico of which the unit cell 

parameters as well as the space-group can be varied by the length and nature of the sidechains 

(alkene, ethylene glycol, floriated alkanes, etc.), as illustrated in Figure 12c. Subsequently, we 

design a backbone and possible linkers in-silico to conceptually graft the backbone 

commensurably with this perfect alkane layer in such a way that the backbone is also perfectly 

ordered. In Figure 12a, it is illustrated that if the size and density of attachment of backbone 

moiety are not commensurate with the lattice parameter of sidechain crystals, the backbone will 

be compressed or stretched, and thus the backbone ordering is reduced. If there is 

commensurability between the backbone and sidechain packing, as illustrated in Figure 12b, the 

backbone and sidechain ordering can be reached synergistically. A material designed in this way 

should readily order into 3D crystals. Most excitingly, the side-chain crystals might be used to 

straighten or even strain the backbone or to control the π-π stacking with a controlled sliding 

distance. This paradigm, if geometrically allowed by nature, might allow totally new ways of 

designing electronic properties in the 2D (001)-(010) layers created by the backbone that are 
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separated by an insulating layer of sidechains. We note here that use of any branched sidechains 

without control of stereochemistry would likely destroy the ability to achieve “hetero-epitaxy”. 

Figure 12. Schematic illustration of the graft hetero-epitaxy concept for the chemical structure design for 

conjugated polymers. With the unit-cell parameter of a perfect alkane crystal of sidechains, the sidechain 

attachment points at the backbone are determined. a) When the size and density of attachment of backbone 

moiety are not commensurate with the lattice parameter of sidechain crystals, the backbone is compressed 

or stretched, and thus the backbone ordering is reduced. b) If there is commensurability between the 

backbone and sidechain packing, the backbone and sidechain ordering can be reached synergistically, 

making it possible to reach perfect conjugate polymer crystals. To demonstrate how to design this 

commensurability, c) shows the design strategy that the backbone moieties need to be carefully chosen or 

designed to match with the size and density of attachment points, dihedral angle, etc. of the alkane crystal 

of sidechains.

Summary and Outlook 

In this review, we have clarified qualitative nomenclature related to molecular order that are 

commonly used in the organic electronics, such as crystalline, semicrystalline, paracrystalline, 
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amorphous, crystallinity, crystallites, and paracrystallites, and advocated at times for a specific 

usage. With the help of GIWAXS and DSC, one can in most cases identify the molecular packing 

of semiconducting polymers ranging from 3D amorphous to 3D semi-paracrystalline. We 

specifically advocate that GIWAXS peak shape analysis is performed and that values for g 

parameters are broadly reported to allow for a more consistent use of terminology and comparison 

between materials and the literature at large. We have also contemplated how to improve the 

molecular ordering of the semiconducting conjugated polymers to approach perfect crystals as an 

essential way to improve the charge transport properties and thus the device performance. 

Although there are lots of unsolved problems, further advances in semiconducting conjugated 

polymer design and synthesis might lie in the proposed hetero-epitaxy concept and stereochemistry 

control to explore the synergistic ordering of both the backbone and the sidechains in 

thermodynamically favorable packing configurations or tune the side chain crystallinity and 

interdigitation to provide a mechanism for three-dimensional order, improving the ordering and 

thus yielding higher performance.

In summary, we would like to provide a few highlights about semiconducting polymers.

• Semiconducting polymers are 3D semi-paracrystalline at best for the reported materials to 

date.

• When finite size dominates the diffraction peak broadening, the Scherrer equation is a good 

estimation of crystallite size. When paracrystalline disorder dominates the diffraction peak 

broadening, the coherence length from Scherrer equation reflects the length scale of paracrystalline 

ordering. If lattice parameter fluctuation dominates the diffraction peak broadening, we cannot 

make any conclusion on the crystallite size or the size of paracrystalline disorder from single peak 

analysis.

• Coherence ellipsoid is suggested as a useful concept to take account of the different 

coherence lengths in different packing directions, particularly the (100) and (010) directions. This 

concept has been used to create the new class of 2D paracrystals, which can be visualized as 

ordered platelets.

Glossary 
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Amorphous: Amorphous materials are characterized by the absence of molecular ordering and any 

melting peak in DSC. Here, we classify the amorphous materials into three types, 3D amorphous, 

oriented amorphous and highly disordered, all of which do not show melting peak in DSC scans. 

For 3D amorphous materials, it is scattered diffusely in X-ray diffraction experiments with broad 

and isotropic scattering peaks corresponding to only 2-5 molecular layers and a g parameter ≥12%. 

For oriented amorphous/highly disordered materials, the scattering peaks are also broad while 

there is some preferred orientation of segments in a certain direction. Tg is observable for 3D 

amorphous and oriented amorphous films with conventional DSC while not for highly disordered 

films.

Backbone ordering: the ordering along the chain backbone direction. If there is strong chain 

extension of conjugated polymers, the backbones show an ordered alignment, resulting in 

corresponding diffraction peaks.

Bragg reflection: the reflection that satisfies Bragg condition, 2dsin(θ/2) = nλ, where d is the 

stacking distance, θ is the diffraction angle, λ is the wavelength of the X-ray and n is an integer 

called the order of diffraction.

Coherence length (Lc): It is a measure of the size of ordered regions (e.g., crystallites) that can be 

diffracted coherently. It is related to peak width via Scherrer equation: Lc=2πK/∆q, where K is a 

shape factor (typically 0.8-1) and ∆q is the FWHM of a diffraction peak.

Conformational freedom: The spatial or structural arrangement of atoms affording distinction 

between stereoisomers can be interconverted by rotations about formally single bonds, e.g., the 

planar vs. twisted backbone chains.

Configurational freedom: The spatial relation of atoms in the molecule is not fixed, e.g., different 

chirality or tacticity, cis- vs. trans- configuration.

Column Length: refers to crystallite size emphasizing on the length of a column of unit cells 

stacked along the normal of the diffracting lattice planes (diffraction vector). 

Crystalline: Crystalline state is characterized by three-dimensional, long-range positional order on 

an atomic scale.

Crystallite: the ordered domains with small size on the order of 1-100 nm.

Crystallinity: degree of crystallinity (DoC), the volume fraction of crystalline domains in 

semicrystalline films. 
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Cumulative disorder: the distortions and defects that can be accumulated, resulting in the loss of 

predictive ability regarding the position of a unit cell as the displacement along a certain direction 

of a lattice increases. The most contributing term is paracrystalline disorder.

Debye-Waller factor: a kind of noncumulative lattice disorder, directly related to static or dynamic 

components of atomic mean-square displacement, defined as  where q is the scattering 𝑒 ―(𝑘𝑞)2/4𝜋2

vector, k is the average root-mean-square displacement of atoms from their position in a crystalline 

lattice. It can be used to describe the attenuation of x-ray scattering or coherent neutron scattering 

intensity caused by thermal fluctuation and lattice imperfection. 

Defect: The defect in a crystal includes point defects, linear defects, and planar defects. Point 

defects refer to places where an atom is missing or irregularly placed in the lattice structure, 

including vacancies and impurity. Linear defects (or dislocation) are groups of atoms in irregular 

positions. Planar defects are interfaces between homogeneous regions of the material, such as grain 

boundary.

d-spacing: the interplanar spacing, dhkl, defined as the spacing between successive (hkl) planes. It 

can be calculated by the reciprocal of the peak position (q) with . A knowledge of peak  𝑑 = 2𝜋/𝑞

indices and their corresponding d-spacings can be used to refine unit cell parameters. 

DSC: differential scanning calorimetry, a thermal analysis technique characterizing how a 

material’s heat capacity is changed with temperatures. It can be applied to detect thermal 

transitions such as the glass transition (Tg), crystallization (Tc) and melting (Tm) associated with 

disordered and ordered phases of the sample.

Enthalpy of fusion: the change in the enthalpy resulting from providing energy, typically heat, to 

a specific quantity of the substance to change its state from a solid to a liquid, at constant pressure.

Ewald sphere: Ewald’s sphere is constructed with the radius defined by the incoming  vector 𝑘𝑜

and centered at the origin of  (the illustration please see Figure 3b). The diffraction condition 𝑘𝑜

can be met when Ewald sphere intersects with a given crystallite orientation sphere. Ewald sphere 

is useful for comparing different diffraction geometries.

Fiber texture: There is only out-of-plane orientation preference with no in-plane orientation 

preference.

FWHM: full width at half maximum of a given diffraction peak. It is one kind of description of 

peak width.
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Gaussian distribution: normal distribution, a type of continuous probability distribution for a real-

valued random variable. The general form of its probability function is , 𝑓(𝑥) =
1

𝜎√2𝜋𝑒 ―
1
2(

𝑥 ― 𝜇
𝜎 )

2

where μ is the mean of the distribution and σ is its standard deviation.

GIWAXS: grazing-incidence wide-angle X-ray scattering, a structural measurement technique 

wherein wide-angle scattering and molecular length scales are collected.

g parameter: paracrystalline disorder parameter, a measure of the percentage of statistical 

deviation from the mean lattice spacing in a crystal. It is defined with interplanar spacing d as: g2

.= ( < 𝑑2 > ―< 𝑑 > 2)/ < 𝑑 > 2

Hetero-epitaxy grafting: the growth of a crystalline film based on a well-defined orientation with 

respect to the crystalline substrate of a different material. Here, we borrow this concept to refer to 

a proposed conjugated polymer design strategy that the backbone moieties are chosen or designed 

to be commensurate with the lattice parameters of sidechain crystals.

Integral breath: defined as the integral intensity of a peak divided by the maximum intensity 

/peak height. It is one kind of description of peak width.

Lattice parameter fluctuations (erms): the variance of the interplanar spacing within a sample from 

one crystallite to the next, from one area of the diffracting volume to another. It characterizes 

inhomogeneities within a sample, such as a slight contraction or expansion of the lattice spacing 

due to appearance of interfaces.

Line shape analysis: an analysis based on trends of peak widths and Lorentzian components of 

pseudo-Voigt line shapes as a function of diffraction orders. The peak width as a function of peak 

order can help distinguish the contribution of finite size from the lattice disorder to the broadening 

of peaks while the Lorentzian components of pseudo-Voigt line shapes is a good way to determine 

the paracrystalline disorder from lattice parameter fluctuation. 

Liquid crystalline: Liquid crystalline phase is a mesophase with positional dynamic disorder but 

some long-range orientational order. The exothermic or endothermic enthalpy for crystallization 

or melting in liquid crystalline films is independent of the cooling/heating rate. Liquid crystalline 

films show a birefringent phase when viewed between crossed polarizers in a polarization 

microscope. The alignment of polymer chains can be enhanced by thermally annealing as-cast 

films into liquid crystalline mesophase to form closely packed structure.
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Lorentzian distribution: also known as Cauchy distribution. It is a continuous distribution with 

probability distribution function given by: , where  is the location of 𝑓(𝑥;𝑥0, 𝛾) =
1
𝜋(

𝛾
(𝑥 ― 𝑥0)2 + 𝛾2) 𝑥0

the peak of the distribution and γ is the scale parameter specifying the half the width at half the 

maximum height.

Morphology: characterizing the nanostructure or microstructure of a bi-continuous network of 

domains in terms of molecular packing and phase separation.

NMR: nuclear magnetic resonance. When nuclei in a strong constant magnetic field are perturbed 

by a weak oscillating magnetic field, an energy transfer is possible between the base energy to an 

excited energy level and then emit an electromagnetic signal with the same frequency when it 

returns to the base energy level. NMR is sensitive to local chemical environment and thus used to 

probe local interaction and ordering.

Noncumulative disorder: random statistical fluctuations about an ideal lattice position.

Number of stacking layers (n): characterized by the ratio of the coherence length and the stacking 

distance of a certain diffraction peak.

Paracrystalline: Paracrystalline state is an intermediate state between crystalline and amorphous. 

In paracrystalline phase, the distances between atoms in the space lattice are not constant but show 

correlated statistical fluctuations in both the direction of neighboring atoms and perpendicular to 

it, preventing long-range order. Paracrystals follow the empirical α⁎-law, which restricts their size. 

The paracrystalline disorder is quantified by paracrystalline disorder parameter g.

Pole figure: A pole figure is a graphical representation of the variation in diffraction intensity with 

respect to directions in the specimen, providing information on the texture. For a fiber texture, pole 

figures describe the orientational distribution of the diffracted intensity of a chosen diffraction 

peak as a function of all possible crystallite orientations with polar angles χ from -90° to 90° where 

χ is defined as the angle between the scattering vector and the substrate normal and χ=0° refers to 

the out-of-plane direction. Pole figure can be used to calculate DoC and face-on/edge-on ratio.

Pseudo-Voigt mixing parameter η: the fraction of Lorentzian function in a Voigt profile. η = 0 

represents a Gaussian line shape while η = 1 represents a Lorentzian distribution.

P-SoXS: soft x-ray scattering with polarized light. P-SoXS is sensitive to bond orientation which 

lies on the orientational material contrast between the cases where the average dipole moment is 

aligned parallel or perpendicular to the incident electric field. 
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Resolution:  Smearing of the diffraction peaks by beam size, divergence, and beam footprint on 

the sample. The latter term gives rise to geometric smearing which becomes broader with 

scattering angle and is a specific challenge in GIWAXS. The overall resolution is often well 

described as a Gaussian function and has to be taken into account for Scherrer analysis and peak 

shape analysis.

Semicrystalline: partially crystalline. Semicrystalline materials are composed of ordered domains 

but also a volume fraction of amorphous domains. 

Semi-paracrystalline: partially paracrystalline. Semi-paracrystalline materials are composed of 

paracrystalline domains but also a volume fraction of amorphous domains.

Sidechain ordering: Side chains (for instance, alkyls) of conjugated polymers are ordered 

independently of the aromatic backbones to form separate nanophases.

Specific volume: the number of cubic meters occupied by one kilogram of matter, characterized 

by the ratio of the volume of a material to its mass.

Stacking distance (d): the distance between stacked planes. The commonly used ones in GIWAXS 

are the lamellar stacking distance and π-π stacking distance. With the assumption of simple 

orthorhombic unit cell, the lamellar stacking distance and π-π stacking distance are equal to d100 

and d010, respectively. 

TEM: transmission electron microscopy, a microscopy technique where a beam of electrons is 

transmitted through a specimen to form an image. The interactions between the electrons and the 

atoms can be used to observe nanoscale features such as the crystal structure and features in the 

structure like dislocations and grain boundaries.

Texture: The crystallite alignment or orientation distribution with respect to the substrate normal, 

such as face-on vs. edge-on texture or fiber texture which is isotropic in-plane orientation.

Warren-Averbach framework: It employs the deconvolution Fourier-transform method for the 

determination of the intrinsic physical line profile. The shape of the diffraction peaks is represented 

by a Fourier series while calculated Fourier coefficients will be the product of two terms: the size 

contribution (independent of peak order) and the disorder coefficient (peak-order dependent). By 

decoupling these two terms, it can determine the contributions of finite size or lattice disorder to 

the peak broadening.

Williamson-Hall analysis: It assumes a pure paracrystal model where the ordered phases are 

paracrystalline, and thus only the paracrystalline disorder and the finite paracrystallite size 
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contribute to the peak broadening, ignoring the possible contribution from lattice parameter 

fluctuations. According to equation (7), with the plot of β vs. m2, g parameter can be obtained from 

the slope and finite paracrystallite size from the intercept.

Appendix A: the full name of polymers involved in the review

C14DPPF-F: Poly(tetradecyl-diketopyrrolopyrrole-furan-co-furan)

F8BT: Poly(9,9-dioctylfluorene-co-benzothiadiazole)

F8T2: Poly(9,9-dioctylfuorene-co-dithiophene)

FTAZ: Poly[(3-butylnonyl)benzodithiophene-co-fluorinatedtriazole]

P3HT: Poly(3-hexylthiophene-2,5-diyl)

P3EHT: Poly(3-(2'-ethyl) hexylthiophene)

P3DDT: Poly(3-dodecylthiophene)

PBDB-T: Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-
alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)]

PBDT-TDZ: Poly[1,3,4-thiadiazole-(benzo[1,2-b:4,5-b′]dithiophene)]

PBDTS-TDZ: Poly[1,3,4-thiadiazole-2,5-diyl(3-octyl-2,5-thiophenediyl)[4,8-bis[(2-
butyloctyl)thio]benzo[1,2-b:4, 5-b′]dithiophene-2,6-diyl](4-octyl-2,5-thiophenediyl)]

PBTTT: Poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]

PDPP3T: Poly{2,2′-[(2,5-bis(2-hexyldecyl)-3,6-dioxo-2,3,5,6- tetrahydropyrrolo[3,4-c ]pyrrole-
1,4-diyl)dithiophene]- 5,5′-diyl-alt-thiophen-2,5-diyl}

PCDTBT: Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-
benzothiadiazole)]

PffBT4T-2OD: Poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3’’’-di(2-
octyldodecyl)-2,2’,5’,2’’,5’’,2’’’-quaterthiophen-5,5’’’-diyl)]

PM6: Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo][1,2-b:4,5 -b'] 
dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[1',2'-c:4',5' -c']dithiophene-
4,8-dione)

PMMA: Poly(methyl methacrylate)

P(NDI2OD-T2): Poly{[N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-

diyl]-alt-5,5'-(2,2'-bithiophene)}

PQT: Poly(3,3'''-dialkylquaterthiophene)
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PS: Polystyrene

PTAA: Poly(triaryl amine)

PTB7: Polythieno[3,4-b]-thiophene-co-benzodithiophene 

PTB7-Th: Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-
alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)]

PTQ10: Poly[[6,7-difluoro[(2-hexyldecyl)oxy]-5,8-quinoxalinediyl]-2,5-thiophenediyl]

TIPS-Pentacene: 6,13-Bis(triisopropylsilylethynyl)pentacene
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