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We report herein on the use of all-atom molecular dynamics simulations to investigate the solvation
environment of Cgp and four Cgo-derived fullerenes immersed in a variety of aromatic solvents.
Utilizing a recently developed solvation shell analysis technique that quantifies the spatial relationships
between fullerenes and solvent on a molecular level, we show that the number of fullerene substituents
and solvent chemistry are crucial determinants of the solvation shell structure and thus fullerene solva-
tion behavior. Specifically, it is shown for the derivatives investigated that the number of fullerene sub-
stituents is more critical to solvation behavior than the substituent chemistry.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Since its discovery in 1985 by Kroto and colleagues [1], the
properties and applications of Cgg fullerene have been an active
area of research due to the unique properties and chemical interac-
tions of the molecule. Among the most fascinating, and often baf-
fling, aspects of fullerene chemistry has been the behavior of Cgg
in solvents [2-7]. Simultaneously, the exceptional ability of Cgg
fullerene to accept and conduct electrons in all-organic electronics
has made Cgg an early candidate as an electron acceptor species in
organic photovoltaic (OPV) devices [8]. The interplay between
these two properties — solubility and electronic properties - has
proven crucial to OPV device performance [9,10]. Thus, efforts to
improve either solubility, charge transfer, or both have led to the
synthesis of a variety of fullerene derivatives for OPV applications
[11,12].

The most ubiquitous of these fullerene derivatives, so much so
that it is commonly regarded as the benchmark acceptor material
for fullerene-polymer OPVs, is phenyl-Cg;-butyric acid methyl
ester (PCBM) [13,14]. The adduct unit of PCBM dramatically
improves solubility over that of Cgo while maintaining electronic
properties. Although PCBM use is widespread, there is a theoretical
limit to device open circuit voltage (Voc) based on the lowest unoc-
cupied molecular orbital (LUMO) of PCBM [15,16]. Hence,
researchers have synthesized and tested other fullerene additives,
such as the bisadduct analog of PCBM, bisPCBM [17], and the
mono- and bisadduct versions of the indene-modified fullerene,
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indene-Cgo monoadduct (ICMA) and indene-Cgo bisadduct (ICBA)
[16]. Structures of these fullerene derivatives are shown below in
Fig. 1.

The solubility of these materials is critical, not only to their abil-
ity to be processed during the liquid-phase deposition of these
materials, but also to ultimate device performance [10]. For exam-
ple, the higher LUMO level of bisPCBM should translate to a higher-
efficiency device compared to those fabricated with PCBM, yet
such a performance improvement is not observed presumably
due to the poor miscibility of bisPCBM with polymer donor mate-
rials [18]. Moreover, the measurement of miscibility and solubility
properties of fullerene derivatives is non-trivial given their low sol-
ubility and proclivity to exist as metastable solvates and crystalline
phases in solvent [5,19].

Molecular dynamics (MD) is one of the best techniques to inves-
tigate the nanoscale solvation of fullerene materials as it can pro-
vide qualitative and quantitative insight into solvent
environments at atomistic resolution. As a result, several recent
studies have employed MD to investigate the behavior of fullere-
nes in solvent [20-30]. In particular, MD simulations were used
to describe the solvation of fullerenes in aromatic solvents by ana-
lyzing the solvation shell of solvent immediately surrounding the
fullerene cage [20-23]. For example, Wang et al. investigated the
dynamic and static properties of the solvation shell around both
Cso and PCBM in five solvents using a coarse-grained united-
atom MD method [21]. We recently employed all-atom MD tech-
niques to observe and describe the formation of the solvation shell
structure around Cgg and PCBM in nine aromatic solvents in com-
parison with experimentally measured solubility [20].
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bis-PCBM

Fig. 1. Structures of Cg fullerene and fullerene derivatives used in this study.

In this work, we apply an all-atom MD simulation technique to
fullerene-solvent systems to better describe the nature of the sol-
vation shell and elucidate details of fullerene solvation in aromatic
solvents. Five fullerene species (Cgo, PCBM, bisPCBM, ICMA, and
ICBA) were used to understand the role of fullerene adduct chem-
istry (e.g., PCBM vs. ICMA) and substituent quantity (e.g., PCBM vs.
bisPCBM) on solvation properties. These fullerenes were solvated
in nine aromatic solvents (see Table 1) to investigate a variety of
substitutional chemistries and positions. Utilizing both static and
dynamic analysis, we attempt to correlate solvation environment
to fullerene and solvent chemistry.

2. Methods
2.1. Simulation methods

All-atom MD simulations were performed with the AMBER 14
molecular dynamics package [31]. Atom types and corresponding
force field parameters were assigned according to the general
AMBER force field (GAFF) [32] with the exception of fullerene cage
atoms. For Cgp, non-bonded Lennard-Jones (L]) parameters were
modified to match those developed by Girifalco [33,34]. Valida-
tions of these parameters in comparison to other LJ parameters,
such as those of the GAFF “ca” atom type (based on an aromatic
carbon in benzene), for use in Cgg atomistic simulations have been
performed elsewhere [20,29]. These Girifalco L] parameters were
also applied to the unmodified fullerene cage atoms (i.e., carbon
atoms of the fullerene cage not bonded to any substituent atoms)
of PCBM, bisPCBM, ICMA, and ICBA. All other atoms in the fullerene

Table 1
List of solvents under study and their abbreviations.

Solvent Abbreviation
1,2,4-Trichlorobenzene aTCB
1,2,4-Trimethylbenzene aTMB
Bromobenzene BB

Benzene Benz
Chlorobenzene CB
1,2-Dichlorobenzene ODCB
0-Xylene oX

Styrene Styr

Toluene Tol

derivatives were assigned parameters according to GAFF. All par-
tial charges were determined by the semi-empirical quantum
mechanical AM1-BCC method [35,36].

Fullerene-solvent systems consisted of a single fullerene in a
periodic box of solvent large enough such that the fullerene would
not interact with periodic images of itself (i.e., infinite dilution).
Data was collected from 60-ns constant number-of-particles/pres
sure/temperature (NPT) simulations at 1 atm and 300 K. Data on
solvent-only systems (~790,000 A3 periodic boxes) was collected
from 10-ns NPT simulations at 1atm and 300K. In total, data
was collected from 54 independent simulations (9 solvents x (5
fullerenes + 1 solvent-only)). Details on the volume and number
of atoms for each simulation are provided in the Supplemental
Information (SI, see Section S1). Also included in the Sl is a descrip-
tion of the system equilibration procedure performed prior to data-
collection steps (see Section S1).

2.2. Analysis methods

Raw data, such as interatomic distances and angles, were
extracted from MD trajectories with AMBER’s post-processing
tools [37] and the MDAnalysis Python package [38]. The data were
further analyzed using in-house programs to produce the two pri-
mary solvation shell analytical parameters reported herein,
namely, the degree of order (DoO) [20] and the occupational time
correlation function (OTCF).

We recently developed a method that permits assessment of
the solvation shell DoO, a quantification of solvation shell struc-
tural regularity (propensity of solvent molecules to assume a sin-
gular orientation and distance around a solute), which has been
reported in detail elsewhere [20]. In brief, the method takes the
distance between the center of mass (CoM) of the fullerene cage
to the CoM of the aromatic carbons on the solvent molecule (d)
and the angle between the fullerene cage CoM, the solvent aro-
matic carbon CoM, and a solvent indicator atom (typically repre-
senting the location of a substituent) (0) for each solvent
molecule at each timestep (see Fig. 2). These d-0 data are then pro-
cessed through a 2-dimensional histogram binning process to pro-
vide a relative frequency for each d-0 bin. (This histogram data can
be conveniently visualized as a contour plot, which is provided in
the SI for each fullerene-solvent system; see Section S2.) The
DoO is computed from a scanning algorithm that calculates the
number of d-0 points at the most frequent d-0 region in terms of
a percentage of all the d-0 data points found in the solvation shell
throughout the trajectory.

Indicator
Atom

Orientation
Vector

Fig. 2. Diagram of ICBA and a molecule of CB illustrating distance vector (d) and
orientation angle (0) used to calculate degree of order (DoO).
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The OTCF is a temporal function commonly used to describe the
frequency with which a solvent molecule will leave a particular
area and has commonly been applied to MD simulations of sol-
vated systems [39], including those containing fullerenes [21,22].
The OTCF (R(t)) is calculated as follows:

o (ZE0)0¢ + t)
(SNt

where N is the total number of solvent molecules, t, is the time ori-
gin, t is the current simulation time, r is the distance between sol-
vent CoM and solute CoM, r. is the critical distance, and angle
brackets (~) denote an ensemble average based on multiple time
origins. For fullerene-solvent systems, r. represents the radius of
the solvation shell, which is determined to be 10 A via examination
of solvent radial distribution function (RDF) data obtained from
simulations (see SI, Section S3). This value of 10 A is also used as
the solvation shell limit for DoO calculations. For solvent-only sys-
tems, r. was set to 9 A to approximate the same volume as a 10-A
sphere minus the volume of a Cgo molecule.

1, r<r,
10, r>r1.

3. Results and discussion

In our previous work [20], we showed that DoO correlates to
solubility only when systems containing the same fullerene are
compared to one another. In Fig. 3, we plotted DoO values for all
fullerene-solvent systems under study. If one considers each data
series in Fig. 3 as a group, DoO values within that group are shown
to correlate with solubility in the case of Cgg and PCBM. This corre-
lation has not been shown to hold when comparing values
between groups. For example, the DoO of Cgg in CB is higher than
that of PCBM in CB even though PCBM is more soluble in CB than
Cso in CB. Thus, only DoO comparisons between systems contain-
ing the same fullerene are valid for extrapolating trends in
solubility.

With this in mind, we note that in the absence of experimental
solubility limits for a large number of the systems investigated in
this study, there is not enough data to convincingly reproduce
the correlation of DoO to solubility limits for bisPCBM, ICMA, and
ICBA. We have included a discussion of DoO as a function of Han-
sen solubility parameters (HSPs), often used to qualitatively pre-
dict solubility, in the SI (see Section S4). No correlation is
apparent (see Fig. S7), yet the HSP distances (R;) are not particu-
larly well-suited for predicting solubility for these systems (Ceo
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Fig. 3. Degree of order for each fullerene-solvent system.

fullerenes in aromatic solvent). This may be due to a variety of rea-
sons including similar HSPs for the solvents investigated, meta-
stable solvate formation, low solubility limits, etc. In the interest
of space, readers are referred to the following sources for a more
detailed discussion of the use of HSPs and other solvent descriptors
for fullerene solvation [5,30,40].

Based on the previous results of DoO for Cgo- and PCBM-
containing systems, it is reasonable to assume that DoO also has
an effect on solvation behavior for the remaining fullerene deriva-
tives (bisPCBM, ICMA, ICBA). Thus, trends in DoO data from each
fullerene data set in Fig. 3 can be examined to highlight changes
in solvation shell structure due to the presence of different
adducts. Fig. 3 shows that the DoO trends of monoadducts (PCBM
and ICMA) and bisadducts (bisPCBM and ICBA) more closely mimic
each other than those of derivatives with the same adduct chem-
istry (PCBM and bisPCBM, for example). This suggests that the
number of substituents present on a fullerene derivative may be
more influential to solvation behavior than the chemistry of the
adduct itself. Upon further inspection, the deviations between
bisadduct and monoadduct fullerenes are most pronounced in
the case of solvents aTCB, aTMB, and ODCB. These three solvents,
along with o-xylene, have more than one substituted unit on the
benzene ring.

The OTCF data can be used to gain further context for the
dynamic nature of the solvation shell. The solvent half-life (t;,2)
can be calculated from a two-term exponential fit to the OTCF R
(t) data for each fullerene-solvent and solvent-only simulation
seen in Section S5 of the SI. This half-life, which is simply the time
t at which R(t) = 0.5, represents the dynamic stability of the solva-
tion shell. Similar to DoO, it has been correlated with material sol-
ubility for both Csp and PCBM by Wang and Hua [21]. The solvent
half-life data calculated from simulations performed for this study
are shown in Fig. 4.

The immediate comparison between DoO trends in Fig. 3 and
the t;), data in Fig. 4 is that the t;,, values do not deviate nearly
as much from one fullerene to another. The trend in t;, data is
remarkably similar for each fullerene as well as for the solvent-
only systems. Thus, the dynamic stability of the solvation shell is
much more dependent on the solvent species than the nature of
the fullerene derivative. However, it can also be noted that across
all solvents, the bisadducts exhibit slightly higher t;,, values, fol-
lowed by the monoadducts, and lastly by unmodified Cgo. This
somewhat unexpected result suggests that the steric hindrance

o Cyy
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Fig. 4. Solvent half-life (t;,) calculated from fullerene-solvent and solvent-only
simulations. See Fig. S6 in the SI for the complete OTCF R(t) data.
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introduced by the two adduct units has a stabilization effect on the
solvation shell; the additional units on the fullerene appear to
effectively trap solvent molecules inside the solvation shell for
longer periods of time.

It should be noted that aTCB stands out as a significant high
point in both DoO and t;, data. This result can likely be attributed
to the relatively high melting point of aTCB (290.5 K), which is the
highest of the solvents investigated in this study. Thus, it is reason-
able to assume that aTCB would display the highest degree of sol-
vation shell order and the slowest movement in and out of the
solvation shell at 300 K.

When comparing DoO and ¢;,, data across the investigated sys-
tems, the divergence in behavior among fullerene derivatives
becomes apparent. Cursory visual inspection of the data in Figs. 3
and 4 suggests that some fullerene derivatives exhibit trends in
DoO data that closely mimic t;;, data while others do not. A posi-
tive correlation between DoO and t;,; would be expected, as sol-
vent molecules that display more orientational order (high DoO)
are expected to be more dynamically stable (high t;.).

The correlation between DoO and t;, data was explicitly inves-
tigated for each of the fullerene derivatives, and the associated cor-
relation coefficients (R-values) were calculated (see Fig. 5). It is
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immediately obvious that the monoadducts (PCBM, Fig. 5b; ICMA,
Fig. 5d) exhibit a strong positive correlation between DoO and ¢y,
data with R-values of 0.954 and 0.931 for PCBM and ICMA, respec-
tively. Cgo (Fig. 5a) exhibits an R-value of 0.757, which is consider-
able but weak compared to that of the monoadducts. It should be
noted that the major negative outlier in the Cgg correlation repre-
sents the benzene-Cgo system, which exhibits a lower-than-
expected DoO value likely as a result of the symmetry of the sol-
vent molecule [20]. For both bisadduct species, the DoO-t;, corre-
lation is extremely weak, exhibiting absolute R-values of 0.042 and
0.242 for bisPCBM (Fig. 5¢) and ICBA (Fig. 5e), respectively. More-
over, contrary to what one would expect, both linear fits show a
slight negative slope indicating a negative correlation between
DoO and ty;. It should also be noted that for both the bisPCBM
and ICBA correlations, the only systems that exhibit negative resid-
uals (i.e., lie below the trend line in Fig. 5¢ and e) correspond to
aTMB, ODCB, and oX. All of these solvents contain more than one
substituted unit, along with aTCB which is consistently at the high
end of both DoO and t;, values.

The carbon atoms in the fullerene cage for all the fullerene
species had identical van der Waals interaction parameters. Thus,
a given solvent molecule will be equivalently attracted to the
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Fig. 5. Degree of order as a function of solvent half-life (t;,) for (a) Ceo, (b) PCBM, (c) bisPCBM, (d) ICMA, (e) ICBA systems. (f) Absolute R-values of linear fits to data in a-e.
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fullerene cage regardless of fullerene adduct chemistry, with the
exception of minor differences in atomic partial charge parameters
caused by electron-withdrawing groups present on the adduct
(e.g., oxygen present in PCBM). With roughly equivalent solvent-
cage interactions, the primary driving forces for the movement of
solvent molecules in and out of the solvation shell (e.g., solvent-
cage interaction energy and diffusivity) are similar between sys-
tems composed of the same solvent. Derivative-specific solvent-
substituent interactions are not a strong factor in the movement
of solvent molecules close to the fullerene cage. Given that the lim-
its of the solvation shell in this experiment are measured from the
center of the fullerene cage, most of the solvent molecules interact-
ing primarily with the substituent unit are outside of the solvation
shell. Thus, it stands to reason that all derivatives show equivalent
trends in t;, values.

Conversely, DoO values are much more dependent on the fuller-
ene adduct. PCBM exhibits the strongest correlation between DoO
and t;, data, which is likely due to its adduct chemistry. The PCBM
adduct, being composed of a flexible chain and freely-rotating phe-
nyl group, is a much more flexible structure than that of ICMA. The
bisadducts, for which such a correlation is practically nonexistent,
possess an even higher barrier to direct solvent interactions with
the fullerene cage atoms because of the two substituted groups.
Although the ICBA data yields a higher absolute R-value than the
bisPCBM data, it should be noted that the slope of the ICBA fit is
more strongly negative. This may similarly be a result of the lower
flexibility of indene groups in comparison to the PCBM substituent.
Overall, the DoO clearly depends on the amount of unperturbed
surface area of the fullerene cage around which a regular solvation
shell can easily form.

An explanation of this DoO behavior in terms of solvent species
is less straightforward. For example, there is no clear solvent prop-
erty that separates solvents for which DoO values are roughly
equivalent for PCBM and ICMA (benzene, styrene, and aTCB) and
solvents for which ICMA DoO values are lower than PCBM DoO val-
ues (o-xylene, aTMB, toluene, chlorobenzene, ODCB, and bro-
mobenzene). In the comparison between the bisadduct and
monoadduct DoO behavior, it is noted above that the most drastic
deviations are seen for aTMB, aTCB, and ODCB. These three sol-
vents are tri- or di-substituted and thus exhibit relatively high
molar volumes. It may be tempting to attribute the observed dra-
matic reduction in the degree of order to the larger volume of these
solvent molecules relative to the other solvents in this study. Yet
this line of thinking begs the question of why such a dramatic
effect is not observed for o-xylene, which is also di-substituted
with relatively bulky methyl groups. Interestingly, o-xylene does
show up, along with aTMB and ODCB, as one of the few solvents
that exhibits negative residuals to the weak DoO-t;,, correlations
for bisadduct systems, suggesting that o-xylene may also produce
suppressed DoO values for bisadducts.

4. Conclusions

We report on the properties of the solvation shell as observed
by MD simulations for systems composed of Cgo and four Cgo
derivatives in nine aromatic solvents. From these simulations, we
calculate both a dynamic property (solvent half-life, t;;;) and a
structural descriptor (degree of order, DoO).

These data (t; and DoO) produced intriguingly divergent
results. Trends in the t;, data were much more consistent between
fullerene derivatives. Conversely, DoO data shows significant vari-
ation between fullerene species. Most notably, fullerene deriva-
tives that have the same number of adducts show more similar
DoO trends than a monoadduct and bisadduct with the same
adduct chemistry. Thus it is suggested that the number of fullerene

substituents is more critical to solvation behavior than the adduct
species itself for the derivatives investigated.

DoO data from PCBM, which possesses a single flexible adduct,
exhibits the strongest correlation with t;, values. ICMA shows
similar behavior with minor deviations that may be attributed to
the lower flexibility of its adduct species. Further, extremely weak
DoO-ty; correlations measured in bisadduct systems are likely
attributed to increased steric hindrance and decreased cage surface
area.

The data reported herein represents physical insights into the
solvation environment only attainable by nanoscale simulation
methods. The results not only serve to inform experimentalists of
the complex underlying processes of solvation for these unique
fullerene materials, but also put forth useful methodology to
describe solvation environments that may be applied to a broad
range of molecular and colloidal materials. It is hoped that the
recognition of dynamic structures present in organic solvents
may be further investigated for anomalous solvation behavior
observed macroscopically in a broad range of solutes.
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