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Charge Transport in Highly Heterogeneous Natural 
Carbonaceous Materials

Huashan Li,* Taishan Zhu, Nicola Ferralis, and Jeffrey C. Grossman*

Natural carbonaceous materials (NCMs) have recently emerged as promising 
organic semiconducting materials for electronics and catalysis, although the 
fundamental picture of charge transport within NCM systems is still incom-
plete. Morphologically, NCMs exhibit reminiscence of disordered organic 
solids, yet the experimental measurements demonstrate a transport regime 
that surprisingly follows Mott’s formula derived for variable-range hopping 
in inorganic noncrystalline materials. With ab initio and kinetic Monte Carlo 
simulations, a temperature scaling is revealed between the Gaussian-defect 
model log(σ) ∼ T−2 typical for organic matter and the Mott-like log(σ) ∼ T −1/4 
for a wide spectrum of intermolecular connectivity. As dominant transport 
descriptors, energy levels and coupling strengths are screened among 
30 small molecules with varying sizes, shapes, sp2/sp3 ratios, side chains, 
and functional groups. These analyses provide insight for the design of NCM 
electronics, and should also be applicable to disordered molecular materials 
in general.
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studying material. The diverse chemistry 
of coal was also utilized to produce fluo-
rescent carbon quantum dots (QDs),[8] 
with potential applications in chemical 
sensing[8b] and photocatalytic activity.[8c] 
While this initial research certainly hints 
to further opportunities for electronic 
applications, the wider adaption of NCMs 
is limited by a lack of corresponding 
structure–properties–processing relations.

The modeling challenges of map-
ping atomistic structures to measurable 
properties for heterogeneous media can 
be primarily identified in the lack of: (i) 
microscopic structural models and (ii) 
charge transport models. The microscopic 
representation is generally unavailable for 
cross-linked defect-free networks. This 
is particularly true for NCMs,[9] since the 
NCM family encompasses a full spectrum 
of complex morphologies and chemistries 

obtained across geological timescales. For this purpose, we have 
developed a numerical protocol to generate representative atom-
istic systems for NCM networks (Methods section, Supporting 
Information). Yet, even in presence of structural models, con-
sistent charge transport theories for disordered materials, 
despite decades of extensive research, are still missing, in con-
trast to the band theory and kinetic models for crystalline mate-
rials.[10] Historically, various phenomenological models have 
been derived based on incoherent hopping between localized 
states,[11] and applied to amorphous inorganic semiconduc-
tors,[12] colloidal quantum dots,[13] doped polymers, and organic 
molecule assemblies.[14] However, thus far very limited theories 
common to different disordered materials have been devel-
oped. For instance, for purely amorphous systems, the energy 
spectrum and wavefunction structure near mobility edges that 
are expected to dominate transport are mostly hypothesized 
for nearly all disordered materials and believed to have dif-
ferent functional forms.[10,11] The exponential form that usually 
applies in inorganic amorphous materials leads to the well-
known Mott’s formula for carrier mobility, log(µ) ≈ Τ −1/4 scaling  
behavior, whereas the Gaussian form that often applies to disor-
dered organic materials gives rise to a log(µ) ≈ Τ −2 dependence. 
The nonpurely amorphous nature of NCMs, with the inclusion 
of chemically well-defined molecular fragments with varying 
size,[5] shape, and functionality, leads to the carrier energy spec-
trum of NCMs being composed of discrete localized states. In 
addition, due to the local structures in NCMs explained in the 
following, intercarrier coupling would be of crucial importance 
for their transport properties. Moreover, the ultrasensitivity of 

Carbonaceous Materials

1. Introduction

Carrier transport in materials exhibiting strong heterogeneity 
underlies many important scenarios, ranging from batteries[1] 
to thermoelectrics,[2] and from neuroscience[3] to oncology.[4] 
One notable example is natural carbonaceous materials 
(NCMs), such as coal, tar and pitch.[5] NCMs are earth-abundant 
and processing-friendly, and have gained attention as alterna-
tive carbon sources, such as for carbon fibers,[6] or for electronic 
applications.[7] For instance, through a simple annealing pro-
cess, the electrical conductivity of sintered coal nanoparticles 
was tuned by seven orders of magnitude, and electronic gap 
was varied from 0 to 1.8 eV.[7] Such a wide range of tunability 
typical for astrophysics is relatively rare for solid-state physics, 
especially considering the highly heterogeneous nature of the 
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carrier mobility in organic materials has been observed to type 
and degree of molecular disorder (e.g., diagonal vs off-diagonal, 
fragment size/shape, molecular packing), charge-carrier den-
sity, and extrinsic environment (e.g., temperature, pressure, 
and electric field).[10] While theories are under development, 
insights from accurate simulations are currently valuable, yet 
rare due to computational complexities.

In this work, we bridge this gap by establishing a link 
between local molecular structure and global charge trans-
port via phonon-assisted hopping in NCMs. In lieu of all four 
coal systems previously experimentally studied in the context 
of establishing the charge transport characteristics,[7] here we 
focus on a high volatile A sub-bituminous coal sample from 
the Penn State Coal Bank (DECS 31, Kimper, Pike County 
Kentucky, USA). Based on the measured molecular fingerprints 
for hvAb[15] and the measured Raman spectra (Figure 1a), we 
construct 16 NCM systems traversing a range of aromatic and 
aliphatic fragments, bridges, side chains, and degrees of connec-
tivity to: (i) fully scan the structural phase space (Figure 1b–d) 

using molecular dynamics (MD) simulations and (ii) predict 
the electronic structure within density functional theory, and 
calculate the carrier mobility by kinetic Monte Carlo (details 
available in the Experimental Section and Section SA and SB, 
Supporting Information). Both the fragment size (about ten 
aromatic rings) and the H/C, O/C ratios are chosen to align 
with the hvAb coal sample in previous experiments.[7] Only C, 
H, and O were considered in the transport calculations for sim-
plicity, while the influences of S and N were included during 
the screening of isolated molecules and dimers. The connectivi-
ties are established via direct CC bonding or bridging by C, 
O, CC, CO, while the remaining O are in the form of OH, 
COOH, C5O, C4O functional groups, as suggested by reported 
measurements[16] and coal models.[17] These systems with var-
ying microscopic structure features as seen from the radial/
angle distribution functions (Figure 1e,f) are summarized 
in Table 1. Using first-principles approaches, we calculated 
30 systems in a high-throughput fashion to transverse different 
systems that are representative of known microstructures in 

Adv. Funct. Mater. 2019, 29, 1904283

Figure 1. Microscopic representation and electrical conductivity of NCMs. a) Raman spectra for coal samples annealed at 450 and 525 °C compared 
to b,c) DFT calculations for proxy molecules. d) One of the samples composed of proxy molecules and molecular connectors. With these molecular 
fragments and connectors, various confirmations could be realized, including closely and loosely packed systems with high and low intermolecular 
connectivities. 16 representative systems are summarized in Table 1. e) Radial distribution function (RDF) of samples with various sets of fragment 
type and connectivity to fragment ratios (cfr) including/excluding side chains (wsc/nsc) at different temperatures. Artificial offsets on the y-axis are 
placed between plots for easier comparison between samples. f) Probability density histograms of distances and angles of fragment pairs. g) Electrical 
conductivity σ from experiment and ab initio simulations. Both closely packed (NCM 4, red lines) and loosely packed (NCM 2, blue lines) systems are 
shown. Charge density varies from 1013 cm−3 at the bottom to 1016 cm−3 at the top. While the numerical results of closely packed system agree with 
experiments, the less packed system shows a different scaling behavior T−3/2.
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NCMs. Note that the static change of molecular geometry due 
to local connectivity has also been taken into account for elec-
tronic calculations.

2. Results and Discussion

2.1. Carrier Mobility and Tunability Space

We start by noticing both quantitative agreement and intriguing 
deviations between previously reported experiments[7] and compu-
tational results of effective conductivity (Figure 1h). On the one 
hand, the numerical results for a highly connected system (NCM 4 
with the ratio of bridge number to fragment number nb/nf = 1.32,  
red lines in Figure 1g) with charge density varying from 1013 to 
1016 cm−3 are in good agreement with the earlier experimental 
measurements for systems annealed at low temperatures  
(425 and 520 °C).[7] A log(σ) ∼ Τ−1/4 temperature dependence can 
be observed for these closely packed systems. On the other hand, 
given the molecular nature of NCM building blocks, it is still sur-
prising that the temperature scaling coincides with Mott’s formula 
derived initially for doped inorganic semiconductors. Instead, for 
organic material systems, a wide range between Τ−1/4 and Τ−3 has 
been reported for different materials, depending on composition 
chemistry and crystallinity.[10] To understand this discrepancy, less 
interconnected systems were studied (e.g., NCM 2 with nb/nf = 
0.33, blue lines in Figure 1g). For NCM 2, the scaling is Τ−3/2. 
Interestingly, such scaling behavior, observed in both NCM 2 and 
NCM 4, falls between the Mott and Gaussian-defect limits.

Note that the power-law scaling log(σ) ∼  Τ −n, n∈[0.5, 3] 
derives from charge–phonon coupling in crystals. For highly 
disordered materials, as in this case, rigorous theories are still 
under development. Empirical formulations, such as the Arrhe-
nius-type log(σ) ∼  Τ −1 and Gaussian-type log(σ) ∼  Τ −2, have 
been extensively used to fit experimental data in the literatures, 
examples including polyparaphenylene vinylene (PPV) deriva-
tives,[18] poly-3-hexylthiophene (P3HT),[19] and calamitic liquid 
crystals.[20] The former is consistent with the multiple trapping 
and release (MTR) model with homogeneously dispersed traps, 
as a special case of the more general continuous time random 
walk (CTRW) model by Scher and Lax.[10] In this picture, trans-
port operates via a succession of trapping events and thermal 
releases. However, it is worth noting that no theoretical jus-
tification for the Arrhenius law exists. In contrast, the latter 
Gaussian type was obtained by fitting Monte Carlo simula-
tions in the presence of a site-energy disorder from a normal 
distribution.[10]

Interestingly, the simulations of NCM presented here show 
the coexistence of both types of transport mechanisms: (i) 
energy distributions in our systems resemble Gaussians; (ii) 
with increasing interconnectivity, we observed severe carrier 
trapping, which suggests the presence of trapping sites deeper 
than kBTc (Figure 2a). For NCM 2, kinetic Monte Carlo (KMC) 
results appear to be in between the two regimes (n = 1.5), which 
we thus attribute to the coexistence of charge trapping and ener-
getic disorder. When individual fragments are tightly linked, 
the molecular character is expected to diminish gradually and 
trap–detrap behaviors exhibited by close-packing inorganic 
amorphous semiconductors should emerge and dominate, 
leading to the Mott-type scaling log(σ) ∼ Τ −1/4. In other words, 
n = 1/4 is the lower bound for our tightly connected organic 
NCM systems. Therefore, the interplay between site trapping 
and energetic disorder explains the observed scaling change 
from n = 1.5 to n = 1/4. The increased discrepancy between 
computational and experimental data at high operational tem-
peratures may arise from the collective excitation of delocal-
ized carriers, which has not been evaluated in our model due 
to the small proportion of conjugating connectivity within the 
NCM network, and the formidable complexity of tracing charge 
transport through undeterministic fragments. These results 
indicate that systems with a full spectrum of connectivities and 
packing densities could be realized experimentally at different 
annealing temperatures, benefitting from the native, chemi-
cally diverse range of molecular fractions in NCM.

2.2. Molecular Descriptors of Transport Properties

The range of structural parameters defining the tunability of 
the energy profile, electron coupling, charge hopping rate, 
and transition imbalance were explored using representa-
tive molecular networks as shown in Table 1. The effects of 
varying fragments could be obtained by comparing NCM 1–6 
to NCM 7–14, while the influences of connectivities between 
fragments are probed within each category. To establish the 
link between structural and transport properties, we assess 
the critical transport variables that govern charge transport 
in disordered materials: (i) the driving force, dG, defined as 
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Table 1. Structural information on the samples selected for charge 
transfer rate analysis within each type of NCM. “O form” means the 
chemical groups containing O atoms within fragments, nb/nf denotes 
the ratio of bridge number to fragment number. C8/2C8 stands for one/
two alkyl side chains containing eight C atoms. Bridge type C2 means 
direct connectivity between two C anchors, Cn indicates the bridge is 
composed of (n−2) C atoms.

NCM Frag type Side chain Connectivity H/C O/C nb/nf

1 1 C8 None 0.750 0.000 0.00

2 1 C8 C2, C3, COC 0.726 0.002 0.33

3 1 C8 C2, C3, COC 0.699 0.006 0.66

4 1 C8 C2, C3, COC 0.655 0.011 1.32

5 1 None C2, C3, COC 0.386 0.005 0.66

6 1 C8 C4, COC2 0.724 0.009 0.66

7 1,2,3,4 C8, 2C8 None 0.766 0.054 0.00

8 1,2,3,4 C8, 2C8 C2, C3, COC 0.729 0.054 0.33

9 1,2,3,4 C8, 2C8 C2, C3, COC 0.716 0.054 0.66

10 1,2,3,4 C8, 2C8 C2, C3, COC 0.676 0.060 1.32

11 1,2,3,4 None None 0.432 0.061 0.00

12 1,2,3,4 None C2, C3, COC 0.407 0.069 0.33

13 1,2,3,4 None C2, C3, COC 0.388 0.063 0.66

14 1,2,3,4 C8, 2C8 C2, C3, COC, 

C4, COC2

0.769 0.043 0.33

15 3,5,6,7 C8, 2C8 C2, C3, COC 0.753 0.050 0.33

16 1,8,9,10,11 C8 C2, C3, COC 0.789 0.003 0.33
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the energy change during transition process; (ii) reorganiza-
tion energy, λ, which is the energy drop caused by relaxation 
of final electronic state from initial equilibrium geometry; and 
(iii) electron coupling, V, which quantifies the wavefunction 
overlap between initial and final states. In general, hopping 
rate, k and thus carrier mobility, µ of a network composed of 
identical components could be enhanced by decreasing dG 
and λ, and increasing V.[21] While dynamic disorder stem-
ming from nonlocal electron–phonon coupling has been 
demonstrated to reduce charge mobility by over 50% at high 
temperature, the exclusion of such an effect still leads to a 
reasonable prediction of the trend in temperature-dependent 
mobilities.[22] Within the goal set for this work to understand 
the impact of spatial disorder induced by a complex network 
that is absent in molecular crystals (along with the formidable 
computational load), variations of electron–phonon coupling 
with respect to time and chemical environment have not been 
accounted in this study. Thus, the following discussion will 
focus on the distribution of transport variables dG and V (with 
λ of various types of fragments documented in Section SC, 
Supporting Information).

As shown in Figure 2a–c, we found carrier mobility µ to 
be highly sensitive to transport variables by orders of magni-
tude. In particular, µ is extremely sensitive to the driving force 
|dG|, with a four orders of magnitude enhancement in µ by 
reducing |dG| from 0.2 to 0.0 eV (Figure 2a). Despite the fact 
that a majority of |dG| are below 0.1 eV, our prototype network 
with a distribution of |dG| exhibits much lower µ than that of 
the network with identical |dG| = 0.1 eV, illustrating the detri-
mental effect of large fluctuations in |dG| and consequential 
charge trapping, even in limited portions of the energy land-
scape. This is consistent with the inefficient charge transport 
in NCMs compared to that in synthetic organic systems with 
relatively homogeneous chemical environments. Similarly, a 
broad distribution of the electron coupling ranging from 0.01 
to 300 meV in the original sample leads to µ that is comparable 
to the network with an identical value V = 20 meV (Figure 2b). 
Based on the above observations, reducing eigenvalue fluc-
tuations to within 0.1 eV and increasing electron coupling 
to 50–100 meV may lead to µ >  1 cm2 V−1 s−1. Such findings 
highlight the essential impact of the distributions (rather than 
average values) of transport variables on transport properties, 
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Figure 2. Dependence of transport variable distribution on network configuration. Carrier mobility µ of a NCM 4 sample with the a) absolute values of 
driving force |dG| for all pairs made to be identical, b) electron couplings V for all pairs replaced by identical values, c) hopping rates k for the pairs with 
(k < kcut_low) replaced by kcut_low. kcut_low is a variable introduced to define slow charge hopping channels. The horizontal lines denote µ of the original 
system. Probability density functions (PDF) of d) highest occupied molecular orbital (HOMO) and e) V between HOMOs for samples of various types. 
The values of PDF are illustrated by the widths of the patterns and correlated to the color brightness, with the dashed red lines highlighting the largest 
probability. Box-and-whisker charts of f) hopping rate and g) transition imbalance defined as the ratio between the larger and smaller value among 
forward and backward hopping rates (khigh/klow) for hole transport in samples of various types calculated at 300 K, with the median illustrated by the 
green central marker line, the 25/75% quantile presented by the box, and the 10/90% quantile denoted by the lower/upper fence.
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for highly disordered systems such as NCM considered in this 
study. Further we explore the influence of the distribution in 
hopping rates k on µ by controlling the upper and lower bound-
aries (replacing the values beyond the range by the nearby 
boundaries) while keeping the geometry of the reference net-
work. As expected, µ can be substantially increased by modi-
fying low k components (Figure 2c), which is consistent with 
the general view that the elimination of trap states is crucial 
for improving transport properties. In addition, the presence of 
extremely high k is not necessary to achieve high µ. Instead, 
maintaining a balance between forward and backward hopping 
is more important in these materials (Figure S4, Supporting 
information).

The distribution of energy levels in NCMs depends strongly 
on the fragments and connectivities (Figure 2d). Increasing the 
ratio of number of connectivities to that of fragments from 0.0 
to 1.3 (NCM 1 to 4, NCM 7 to 10, Table 1) results in a nonmono-
tonic change of energy level broadening. In other words, both 
low and high degrees of connectivity lead to relatively rough 
energy landscapes. This stems from the connectivity affecting 
the energy level distributions in different ways: (i) suppression 
of aggregations driven by π–π stacking that may cause large 
structural distortion; (ii) increase of structural fluctuations of 
fragments constrained by connectivity; (iii) smoothing of the 
overall energy profile of the ensemble by enhancing overlap 
between eigenvalue distributions associated with different frag-
ment types. Excluding side chains (NCM 3 vs 5, NCM 7–9 vs 
11–13, Table 1) slightly affects the energy profile via strength-
ening π–π stacking, which arises from the weaker steric repul-
sion and results in larger fragment distortions. Variation of 
fragment types by tuning molecular shape and functional group 
(NCM 2 vs 8 vs 15 vs 16, Table 1) leads to significantly different 
energy landscapes as expected from the distinct energy levels 
of fragment types. Similarly, the electron coupling distribution 
can also be adjusted by these structural parameters (Figure 2e). 
V, as expected, is decreased by the introduction of long bridges 
(NCM 6 vs 3, Table 1). Both a higher degree of connectivity and 
exclusion of side chains provide larger V. While the former can 
be explained by the promoted tunneling via a super-exchange 
mechanism, the latter is ascribed to the enhanced V by stronger 
π–π interactions.

For each network type (Table 1), we further investigated 
the pairwise charge transfer rate that measures the intrinsic 
capability for a carrier to hop through fragment interfaces, as 
well as the forward–backward transition ratio that unveils the 
possibility for it to get trapped by energetically favorable sites. 
The extension of hole hopping rates (Figure 2f) and forward–
backward transition ratio (Figure 2g) over orders of magnitude 
reflects the highly disordered nature of NCM. The broadening 
of rate and imbalance distributions dramatically increases 
with the number of fragment types (NCM 1–6 vs 7–16) as a 
consequence of the widened energy level distribution. By 
contrast, the differences in rate and imbalance distribution 
between samples containing different types of fragments 
are relatively small compared to the remarkable diversity in 
their energy profiles, as long as the overall broadening of 
energy distribution is similar (NCM 8 vs 15 vs 16). Moreover, 
increasing the degree of connectivity leads to higher hop-
ping rates and a lower transition imbalance, and thus favors 

transport in the low connectivity regions, while the opposite 
trend may be present in high connectivity regions due to the 
increasing roughness of the energy profile. The impact of 
side-chain and long-bridge connections on rate and imbalance 
cannot be easily predicted because the variations of dG and 
V strongly compete with each other. The above discussions 
on Figure 2 are associated with hole hopping, and a similar 
analysis for electron transport can be found in Figure S5  
(Supporting information).

The sensitivity to variations and distributions of trans-
port descriptors is essential for achieving optimal designs of 
NCM-based electronic devices. Therefore, we developed a set 
of key graphic descriptors composed of the distributions of 
µ, dG, V and their relationships for NCM 2 as presented in 
Figure 3a–d (justification of such descriptor is provided in 
Section SF, Supporting Information). The first and second 
graphs show the joint distribution of hopping rate and trans-
port variables for connected and nonconnected fragment 
pairs (Figure 3a,b), indicating the existence and distribution 
of potential local transport paths, as well as the limiting fac-
tors to transition rates. The feasibility of these paths is shown 
in the third and fourth graphs (Figure 3c,d). The third graph 
depicts the probability density of the forward–backward tran-
sition ratio and its dependence on dG (Figure 3c), implying 
the possibilities for charge transport to be terminated by deep 
trap states. The fourth graph shows the number of available 
escape paths that reflects the degree of connectivity between 
local paths and thus the percolation feature of the global 
network (Figure 3d). Detailed transport descriptors for both 
holes and electrons are documented in Section SG (Sup-
porting Information).

These findings at the molecular scale account well for the 
mobility trend observed in Figure 3i. The larger fluctuation 
of electron mobility compared to that of hole mobility can be 
explained by the higher sensitivity of lowest unoccupied mole-
cular orbital (LUMO) distribution to morphology fluctuations. 
The degree of connectivity (NCM 1–4) has two major impacts 
on carrier transport: (1) modification of the distribution of 
driving force dG and the density of trap states (Figure 3g); and 
(2) introduction of more transport channels with high hopping 
rates (Figure 3e), at the cost of reducing coupling between other 
nonconnected pairs (Figure 3f). Consequently, a relatively high 
µ is achieved for a moderate degree of connectivity (Figure 3i). 
Exclusion of side chains (NCM 5 vs 3) results in closer π–π 
stacking and decreased number of effective hopping paths per 
site. The system without side chains exhibits a narrower highest 
occupied molecular orbital (HOMO) distribution (Figure 3g), 
which in combination with enhanced coupling (Figure 3f), 
leads to a slight improvement in hole mobility. By contrast, the 
LUMO distribution becomes much broader, and therefore elec-
tron mobility is remarkably suppressed by the large rate imbal-
ance and reduced number of hopping paths. Despite the fact 
that electron couplings of fragments connected by long bridges 
are relatively smaller than those connected by short bridges 
(NCM 6 vs 3, Figure 3f), they are sufficient to provide high hop-
ping rates (Figure 3e), and thus lead to similar hole mobilities. 
Alternatively, the substantially decreased electron mobility with 
longer bridges can be explained by the broadening of driving 
force distribution.

Adv. Funct. Mater. 2019, 29, 1904283
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2.3. Screening Criteria for Fragments and Connectivities

While important for predicting transport properties, energy 
level and electron coupling distributions of the entire network 
are computationally much too demanding for throughput 
screening. Alternatively, information about each fragment and 
connectivity type may serve as low-level descriptors to enable a 
primary selection for narrowing down the optimization phase 
space in both theoretical and experimental explorations. For 
this purpose, we investigated the fluctuation of energy levels in 
response to change of size, shape, side chain, and functional 
group using a series of small molecules (Figure 4a, Figures S9 
and S10, Supporting information). The high sensitivity of eigen-
values to structural variations unveils the broad energy level 
distribution of the network composed of various fragments, 

which is likely to be the essential reason for the low conduc-
tivity of most NCMs. Similar fragment shape within the entire 
ensemble is also necessary to provide a satisfactory energy pro-
file with less than 0.1 eV eigenvalue fluctuations. Interestingly, 
substitutions of H by OH, C5O, SH, and alkyl side chains have 
a negligible effect on the eigenvalues and thus are favorable for 
transport properties. Most of the remaining functional groups 
such as COOH, O, C4O, C5N, NH2, and C5S shift the eigen-
values dramatically and should be avoided in practice.

Despite that nonconnected fragments may dominate charge 
hopping, estimation of electron coupling for various types of con-
nectivities is still of crucial importance. We attempted to interpret 
the dependence of V on interfacial configurations by sampling 
over 13 molecular fragment types with 2 orientations and 3 rep-
resentative anchor points for each type (unrealistic structures 
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Figure 3. Relationship between molecular descriptors and transport properties in distribution representation. Characteristic graphs of NCM for charge 
transport with hole hopping of NCM 4 as an example: a) Joint distribution of k and dG for connected (in red) and nonconnected (in blue) pairs, with 
the inset showing the histogram of log(k) normalized by the total number of fragments. b) Joint distribution of k and V, with the inset showing the 
histogram of log(V). c) Joint distribution of transition imbalance and dG. d) Distributions of the number of paths for hopping away from a fragment, 
with the existence of a path judged by the criterion k > kcut, where kcut is the lower limit of the rates associated with the charge transfer events that are 
possible to happen compared to other processes. Comparisons of characteristic graphs between different types regarding hole hopping: distributions 
of e) log(k) and f) log(V) normalized by the total number of fragments, g) joint distributions of transition imbalance and dG, and h) distributions of 
the number of paths for hopping away from a fragment for different samples. The common reference points (0.0, 1.0) are artificially shifted for clarity 
in panel (g). i) Carrier mobilities of network NCM 1–6 at 300 K.
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were discarded). Connections by short bridges (CH2, O, S) or 
direct bonding provide much larger coupling than longer bridges, 
with values spanning, surprisingly, several orders of magnitude 
(10−1 to 102 meV) with different anchor points and orientations 
(Figure 4b, Figure S11, Supporting information). In general, large 
couplings arise from configurations where sp2 domains are close 
to each other, or fragments are well-aligned taking advantage of 
the relatively small steric repulsion. Functional groups adjacent 

to the interface can assist wavefunction overlap and enhance 
coupling.

3. Conclusion

We note that our model requires additional complexity (e.g., 
including S and N elements in the network, predicting carrier 

Adv. Funct. Mater. 2019, 29, 1904283

Figure 4. Screening of fragments and connectivities. a) The eigenvalues of 30 small molecular fragments with various sizes, shapes, sp2/sp3 ratios, side 
chains, and functional groups, with the middle of bandgap illustrated by red dashed lines. Representative molecule structures are shown with the color 
scheme—C: blue, H: pink, O: red, N: green, S: yellow. b) Distributions of electron coupling between HOMOs for different sets of molecular dimers with var-
ious connectivities, including direct CC bonding and bridging with CH2, O, S, C2H4, and OCH2. The lower and upper boundaries of the bars correspond to 
the smallest and largest values among the set of samples, and the median is denoted by the cross marker. Dimer structures that are favorable for improving 
V are shown along with the HOMO wavefunctions, with the notation set-x.c-y meaning the sample with largest V among the set x with connectivity type y.
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mobilities with appropriate techniques to handle deep trap 
states, taking into account partial coherent charge transfer, 
expanding the cell size and sampling density, etc.) for a more 
quantitative description of NCM systems. Nevertheless, 
the general and qualitative principles unveiled in this study are 
applicable to a wide range of NCM, and allow to computation-
ally characterize the even broader categories of highly disor-
dered materials. For example, biomaterials have demonstrated 
their outstanding efficiency and robustness for energy conver-
sion processes, yet the potential of the entire family of highly 
disordered materials featured by intrinsic chemical and struc-
tural diversity and high tunability have not been fully explored.

In summary, we have developed an atomic-scale model to 
describe the charge transport in highly disordered NCMs. 
A temperature scaling between the Gaussian-defect model 
log(σ) ∼  Τ −2 typical for organic matter and the Mott-like 
log(σ) ∼ Τ −1/4 is observed for prototype networks with various 
intermolecular connectivities. Structure–property relation 
based on the distributions of transport variables is then estab-
lished, leading to a new set of graphic descriptors for NCMs 
accounting the energy and coupling variations originating from 
severe inhomogeneity. The model of charge transport in NCMs 
provided in this work highlights how the chemical and struc-
tural complexity of NCM, often seen as a limitation in their use 
for technological applications, can offer a widely tunable plat-
form for their use to develop novel applications in the sensing, 
biomedicine, and electronics using NCM as the active base 
material.

4. Experimental Section
Structural Evolution: Advanced bottom-up algorithms such as reverse 

Monte Carlo (RMC)[9,23] and Fringe3D (based on imaging analysis)[24] 
were developed to build microscopic models for natural carbon 
materials, which successfully reproduced adsorption, mass transport, 
and mechanical properties measured in experiments.[9] However, when 
considering electronic properties, the existence of artifacts associated 
with the imperfection of the force fields employed in these models 
can induce unrealistic trap states limiting their accuracy in predicting 
charge transport. To address this problem, a robust method to construct 
artifact-free NCM (Figure S1, Supporting information) was developed, 
by implementing three loops of short MD simulations to screen the 
computational samples: (1) produce reasonable initial conditions with 
an artificial potential; (2) refine the structure with all bridges substituted 
by alkyl counterparts; (3) exclude samples with broken bonds during 
short runs in high temperature/pressure conditions (500 K/5 kbar). 
For the selected candidates, MD simulations were performed within 
the NPT ensemble at 500 K/5 kbar using a Nose/Hoover thermostat/
barostat, with a time step of 0.5 fs for a period of 500 ps to mimic the 
conditions at the formation stage from geochemistry records,[25] which 
was then followed by an intermediate process for 500 ps, and then with 
another 500 ps simulation at 300–700 K/1 atm to represent operational 
conditions for future devices. The Large-scale Atomic/Molecular 
Massively Parallel Simulator package (LAMMPS)[26] was employed 
with all interactions described by the ReaxFF reactive force field,[27] 
which has shown reactivity trends in good agreement with quantum 
mechanics calculations and experimental data.[28] Each simulation cell 
is 35 × 35 × 35 Å3 containing ≈5000 atoms. The emergence of artifacts 
including dangling bonds and unrealistic bonding configurations was 
monitored by tracking the neighbor list of each atom.

Charge Hopping Rate: The artifact-free samples obtained by MD 
simulations were then used to explore electronic properties. The energy 

levels and reorganization energies of each fragment were calculated 
within the framework of density functional theory (DFT) as implemented 
in the SIESTA (v4.0) package.[29] A polarized double-ζ basis set[30] was 
used with Troullier–Martins pseudopotentials,[31] and the exchange-
correlation energy was described by the PBE functional.[32] While the 
calculated transport variables depend on the choices of functional 
and basis set, such variations are acceptable based on the tests and 
thus will not qualitatively affect the conclusions (detailed validation is 
documented in Section SI, Supporting Information). The anticrossing 
method[33] was applied to compute electron couplings between 
fragments, with eigenvalues perturbed by external electric fields. This is 
quite challenging for the system because of the difficulty in searching 
minimum splitting points and the large amount of pairs (≈200) that 
must be considered in each network sample. An efficient algorithm 
to address this challenge by automatically tracking wavefunction 
localization and splitting variation was developed (Figure S2, Supporting 
information). A standard Brent’s method was implemented with 
additional termination criteria: (1) distance between the centers of two 
relevant wavefunctions smaller than 0.5 Å; (2) variation among the set 
of smallest splittings smaller than 0.5 meV. Finally, the phonon-assisted 
charge-hopping rates were estimated by Marcus theory,[34] which was 
widely used to understand charge dynamics in disordered systems.[13a,35] 
Further discussion regarding the selection of charge transport model is 
provided in Section SI (Supporting Information).

Carrier Mobility: Once all the charge transfer rates between 
neighboring fragments are obtained (with the cutoff distance set as 
10 Å, for nonbonded pairs), KMC simulations were performed until 
the diffusion distance was 2–3 orders of magnitude larger than the 
intermolecular spacing. The next position was selected randomly from 
the neighbors with a probability Pn =  kmn/∑kmn′ (m and n denote the 
current site and its neighbors), while the residence time was set to 
1/∑kmn.[21a] By averaging over 1000 trajectories, a linear relationship 
between the mean-square displacement (MSD) (r2) and the diffusion 
time (t) was attained, which allowed to estimate the diffusion coefficient 

by 1
2

lim
( )2

D
n

r t
tt

=
→∞

 with the dimensionality factor n = 3. Finally, the 

charge mobility was evaluated by the Einstein relation µ =  eD/kBT. 
Further details regarding the computational methods are provided in 
Section SA (Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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