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Abstract:  Molecular packing, crystallinity, and texture of semiconducting polymers are often 

critical to performance. Although frame-works exist to quantify the ordering, interpretations are 

often just qualitative, resulting in imprecise and liberal use of terminology. Here, we reemphasize 

the continuity of the degree of molecular ordering and advocate that a more nuanced and consistent 

terminology is used with regards to crystallinity, semicyrstallinity, paracrystallinity, 

crystallite/aggregate, and related characteristics. We are motivated in part by our own imprecise 

and inconsistent use of terminology and the need to have a primer or tutorial reference to teach 

new group members. We show that a deeper understanding can be achieved by combining grazing-

incidence wide-angle X-ray scattering and differential scanning calorimetry. We classify a broad 

range of representative polymers into four proposed categories based on the quantitative analysis 

of molecular order based on the paracrystalline disorder parameter (g). A small database is 

presented for over 10 representative conjugated and insulating polymers ranging from amorphous 

to semicrystalline. Finally, we outline the challenges to rationally design 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  

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

organic electronic devices. 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, and providing active materials for a range of electronic 

applications, such as organic field-effect transistors1, organic electrochemical transistors2, organic 

light-emitting diodes3 and organic solar cells4. The intrinsic properties of polymer chains, such as 

different degrees of conformational and configurational freedom, determine how crystalline or 

amorphous the polymeric materials are5, 6. The degree of crystallinity and perfection of the 

ordering is determined by the local molecular packing, and the resulting ordered or disordered 

films and their texture affect optical absorption, exciton delocalization, charge separation, and 

charge transfer. In organic electronics, certain high-performing materials often tend to pack in an 

ordered molecular arrangement, such as crystallites or aggregates.  

Conjugated polymers are generally homopolymers or copolymers (see Figure 1a) and often 

identified and reported in a somewhat vague manner to be amorphous or semicrystalline. 

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 papers7, 8 because of the presence of 

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

considered amorphous9, 10 due to the lack of the long-range order. Whatever the cause of this 

inconsistency and given existing basic IUPAC definitions11 and prior work utilizing the Warren-

Averbach framework12, 13, it is highly desirable that a more consistent terminology be used even 

when only semi-quantitative analysis is performed.  

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

of conjugated polymers and identify the polymers to be amorphous or semicrystalline in a 

quantitative manner by combining both grazing-incidence wide-angle X-ray scattering 

(GIWAXS)14 and differential scanning calorimetry (DSC). We start by discussing important 

concepts such as crystals, crystallites and crystallinity in polymeric materials, followed by the 

discussion on GIWAXS and DSC of the nominally amorphous polymers, atactic polystyrene (PS) 

and poly (methyl methacrylate) (PMMA), and the nominally semicrystalline polymer, poly(3-



hexylthiophene) (P3HT). This clarifies characteristics of semicrystalline and amorphous polymers. 

We advocate use of a nomenclature that differentiates into 3D amorphous, 2D amorphous, 

aggregates (short-range order) and crystallites (long-range order) based on the paracrystalline 

disorder parameter (g parameter) and thermal characteristics.  

We furthermore review recent work that clearly delineates 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 >8%. 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 < 2%). Solutions of highly ordered materials with long-

range ordering and low g parameter would consequently require special molecular design that is 

possibly guided by the novel conceptual hetero-epitaxy grafting design method proposed here. 

 



Figure 1. (a) The two types of conjugate polymers (left: polythiophenes, which may have various 

sidechains, right: donorïacceptor (DïA) alternating conjugated copolymers with push-pull effect). (b) The 

chemical structure of two amorphous nonconjugate reference polymers. (c) The chemical structure of the 

conjugate polymers used here. 

2. Quantification of Molecular Order and Related Terminologies 

2.1 Clarifications of the key concepts related to molecular order 

In solid state matters, a crystal is defined to be a periodic array of identical motifs, suggesting a 

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

polymeric materials, there might be ordering that lacks periodicities in at least one dimensions5, as 

three-dimensional long-range order is almost impossible. Also, there always exists structural 

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

never completely crystalline. Due to kinetics and the covalent constraint along the backbone, 

polymers often have large amorphous volume fractions in bulk materials and even in the most 

highly ordered materials are referred to as semicrystalline. Since the ordered phase in a typical 

semicrystalline polymer film is on the order of 1-100 nm in diameter or thickness12, such ordered 

regions are usually called crystallite rather than crystal. Aggregate is also used frequently while its 

definition is vague and needs to be clarified. In a broad sense, óaggregateô refers to clusters of the 

material owing to strong intermolecular or intramolecular interaction between the molecules. In 

the spectral aspect, the aggregates in solution or thin films are directly associated with changes in 

the emission/absorption spectral line shape15, as compared to the unaggregated states. Typically, 

optical aggregate can be classified to be J-aggregate and H-aggregate, where the J-aggregate refers 

to the appearance of an intense, red-shifted narrow band in the absorption spectrum and the H-

aggregate refers to the main absorption peak to be blue-shifted16. In the X-ray diffraction view, D. 

T. Duong et al.17, 18 defined an ñaggregateò as a group of the -́stacked conjugated segments with 

the lack of the lamellar stacking and thus a crystallite contains aggregates but not all aggregates 

are crystallites. With enough ́ -stacked conjugated segments, aggregates can also produce 

discernible diffraction peaks. R. Noriega et al.19 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 ́ -orbital overlap15, 20 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 properties19. This contradiction indicates 

that the ordering along the lamella and -́ ́  stacking is not always synergistic. Not only is the range 

of the ordering important, but also the direction in which the ordering is most pronounced. 

Diffraction and calorimetry generally probe crystallites while optical measurements tend to probe 

aggregates18. 

A typical microstructure of a semicrystalline polymer film is composed of crystallites (lamellae) 

embedded in an amorphous phase, producing a highly interconnected network. Since there exist 

both ordered and disordered or amorphous regions, the fraction of crystalline to amorphous regions 

is a critical parameter quantifying how crystalline a polymer is. The crystallinity or the degree of 

crystallinity (DoC) is defined as the volume fraction of crystalline material in a film12. In X-ray 

diffraction experiments, the integrated intensity of a diffraction peak is often proportional to the 

amount of crystalline material in a thin film, and thus can quantify the DoC. However, an absolute 

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

crystalline and entirely amorphous films, which is hardly obtained in polymeric materials. Instead, 

the relative DoC12, 21, 22, describing the DoC of one film as compared to another film of the same 

material, can be easily quantified.  Generally, the relative DoC (rDoC) can be quantified by several 

methods, such as GIWAXS, DSC, nuclear magnetic resonance (NMR) and density via dilatometer.  

To characterize the DoC via GIWAXS, J. Balko et al.23 proposed that the DoC can be estimated 

by unity minus the ratio of the scattering intensity at a certain scattering vector (which indicates 

the percentage of amorphous components), as shown in Figure 2a, in between Bragg reflections 

of the semicrystalline sample to that in a completely amorphous (molten) sample. Another way of 

using x-ray diffraction is to integrate the intensity of a Ewald sphere corrected pole figure from 

out-of-plane direction to in-plane direction, which is proportional to a filmôs degree of 

crystallinity24, and then to compare between different samples. Also, the rDoC of two specimens 

of the same material can also be characterized by the ratio of their specific enthalpy of fusion via 

DSC23. 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 components21, 25. Yet another way to characterize the rDoC is the dilatometric methods, 



which can be applied to measure the specific volume of the materials. The resulted specific volume 

is assumed to be the sum of the percentage of the specific volume of the crystalline and amorphous 

components while the specific volume of the amorphous components can be estimated from the 

molten state26. These methods do not precisely measure though the same parameter, as any density 

measurement, for example, is also impacted by the relative ratio of the liquid and rigid amorphous 

phase27. 

In the literature, using the term ñcrystallinityò without qualifiers is often confusing because two 

different concepts, degree of crystallinity and quality of ordering, within a crystallite are mixed up. 

Sometimes, crystallinity is used to describe the quality of crystalline or semicrystalline ordering 

of organic materials, rather than referring to the degree of crystallinity. For example, when 

analyzing and discussing the GIWAXS data, it was claimed that the two scattering peaks, namely 

the so-called lamellar (100) stacking peak and (010) -́ˊ stacking peak, of PBDT-TDZ and 

PBDTS-TDZ films showed their crystallinity nature28. In such cases, we advocate to use 

ñcrystallineò instead of ñcrystallinityò to preserve use of crystallinity referring to the volume 

fraction of crystalline to amorphous regions in a film. Quite often, crystallinity is used to refer to 

the quality of ordering of molecular packing or even just to spacing. For example, it was reported28 

that the shorter ˊ-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-methyltetrahydrofuran29. Such use is prevalent and we do 

not intent to single anybody out, but simply provide examples and motivate our suggestion to use 

a reference to ñmolecular packingò or ñmolecular orderingò instead of ñcrystallinityò, particularly 

in cases where only aggregates with short-range ordering are observed. 

Some crystalline or semicrystalline materials have the ability to form more than one packing motifs 

in the solid or aggregated state, which are referred to as polymorphs30. The study of polymorphism 

attracts a lot of interest from the community since polymorphs can have different physical and 

thermodynamic properties, such as optical absorption, emission, electrical conductivity, solubility, 

and thermal stability. The polymorphism of conjugated polymers has been reported for various 

polymers. For example, M. Brinkmann et al.31 observed two forms of polymorph for the 

P(NDI2OD-T2). In form I, adjacent chains show a segregated structure with donor (acceptor) units 

stacking on top of each other, while form II  has a mixed structure with donor units stacking on top 



of the acceptor units of the adjacent chain. F. Peter et al.32 have reported that regioregular oligo(3-

hexylthiophene)s (3HT)n can feature two distinctly different solid-state structures, the polymorph 

form I and form II, with dissimilar crystal structures and thus different equilibrium melting 

temperatures as well as varied optical and electronic properties. M. Li et al.33 reported that a low-

bandgap diketopyrrolopyrrole polymer can form two distinctly different semicrystalline 

polymorphs ɓ1 and ɓ2 by controlling the solvent quality and the transition between the two 

polymorphisms via the amorphous Ŭ phase is observed.  

A completely amorphous film morphology shows no ordering. However, it is hard to make a 

completely amorphous film with polymeric materials or without any molecular correlations 

between nearest molecular neighbors. The classical 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 and will be discussed in detail below. For the 

conjugated polymers, the polymers that are disordered in other directions except for some short-

range order in the ˊ-stacking direction and with no melting peak in DSC scan, such as FTAZ34, 

can also be identified to be largely amorphous. The central discussions below draw heavily on well 

understood x-ray scattering concepts that have been previously delineated by the Salleo group12, 

13, 19, which in turn harked back to earlier. For example, R. Noriega et al.19 proposed to classify 

polymers with broad, featureless scattering peaks in X-ray diffraction experiments to be 3D 

amorphous materials. We aim to translate prior understanding to the organic device community at 

large by contextualizing and exemplifying important diffraction concepts broadly by comparing 

semiconducting polymers with various degree of ordering to the classic amorphous PS and PMMA 

and by comparing and pairing WAXS with DSC.  

The ordering probed by GIWAXS and DSC is on the nanoscale with fixed spatial relations in 

various directions. However, there is also liquid crystalline ordering on the mesoscale, which is 

also important when one considers molecular ordering in semiconducting polymers. Liquid 

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

intermediate state between the amorphous state and crystalline state. The liquid crystals do not 

show the 3D positional order as the crystals do while retain some orientational order. For 

conjugated polymers, there are some polymers that show the liquid crystalline properties. X. Zhang 

et al.35 have demonstrated that the resulting orientation map via dark-field transmission electron 



microscopy (DF-TEM) implies the in-plane PBTTT crystallite orientation varying smoothly across 

a length scale and significant in a relatively long range while only small angle variations between 

adjacent diffracting regions, exhibiting an in-plane liquid crystalline texture. The liquid crystalline 

texture helps to decrease the density of abrupt grain boundaries, leading to a relative insensitivity 

in organic thin-film transistor device properties. Soft x-ray scattering with polarized light (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-case PBTTT film where TEM analysis was inconclusive36, 

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

microscopy38, 39. R. Xie et al.40 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 here and mention only briefly these properly to provide completeness. 



 

Figure 2. (a) SAXS/WAXS patterns for P3HT in the semicrystalline state at 40 °C (solid line) after cooling 

from the melt and in the melt (dashed line). The vertical dot-dashed line indicates the scattering vector to 

calculate the percentage of amorphous components with the ratio of the intensity in the semicrystalline 

sample to that in the melt sample, and thus DoC can be calculated accordingly. Reproduced with permission 

from ref. 23. (b) Schematic of hypothetical diffraction profile from crystalline lattices affected by finite size 

with (red) and without (blue) the contribution of cumulative disorder. 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. 12. (c) Peak parameters determined from isolated x-ray diffraction 

peaks as a function of peak order for TIPS-pentacene (blue circle), P(NDI2OD-T2) (green triangle), and 

PBTTT (red square). Reproduced with permission from ref. 13.  

2.2 Quantitative Characterization of Molecular Order  

To quantitatively characterize the molecular order, GIWAXS or DSC are usually employed. 

GIWAXS41-43 is the most common X-ray techniques used with organic semiconductors, probing 


