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ABSTRACT: The π−π stacking robustness of the photoactive layer is key to
maintaining efficiency of organic photovoltaics (OPVs). We show local disruption
more than 2 Å on average in the π−π stack of crystalline poly(3-hexylthiophene)
(P3HT), one of the most common materials used in OPVs, through formation of a
chainlike water structure with limited growth and mostly pentameric cluster ends.
In contrast, a 3D aggregated water cluster with constant growth is observed in
amorphous P3HT. Dynamics of water molecules that form the largest aggregates in
crystalline P3HT show the effect of limited mobility, when compared to
amorphous P3HT, due to dual confinement from both alkyl side groups and
thiophene backbone. We term this dual confinement sof t templating and quantify
its effect on nature, size, and hydrogen bond participation of water aggregates in
crystalline and amorphous P3HT using all-atom molecular dynamics with in-house
developed potentials that were previously shown to represent the interfacial and
wetting behavior of P3HT systems in good agreement with experiments.
Examination of disruption behavior presented for P3HT would allow smart molecular design of photoactive layers.

■ INTRODUCTION

Boosting the lifecycle of organic photovoltaics (OPVs) is key to
increasing their market adoption. A major barrier to increments
in OPV lifecycle is diffusion of water and solvents, which have
been demonstrated as being a significant cause of degradation.
Water and solvent atmosphere guided diffusion inside OPVs
and their subsequent degradation has been extensively
studied.1−4 Mechanisms that contribute to loss in OPV
efficiency include disruption of electron donor pathways, and
reactive degradation and delamination at functional interfaces.
While all of these mechanisms that lead to loss in efficiency
would depend on water and solvent clustering effects,
deviations from π−π stacked geometries of the photoactive
layer especially impede electron transfer, and is the focus of this
article for the case of poly(3-hexylthiophene) (P3HT). To our
knowledge, this is the first report of the water aggregate
formation pathway in P3HT matrices at a molecular level.
Our current understanding of water microaggregate for-

mation is based on wide-ranging investigations that have
quantified hydrogen bond and coordination dynamics under
confinement in carbon nanotubes,5,6 graphite,7,8 metal−organic
frameworks,9 hydrogels,10,11 silica,12 zeolite,13 supramolecular
structures,14,15 and polymeric melt.16 Variations in the nature of
confinement, such as soft (polymer and self-assembled
monolayers) vs hard (zeolites and silica), and patterned
(graphite and carbon nanotubes) vs random (hydrogels), lead
to large changes in structure and dynamics of confined water.
Changes in the organization and evolution of water aggregates
and bound water have practical implications for membrane
transport,17−19 protein folding,20−22 adhesion of biomacromo-

lecules,23−25 design of anti-icing surfaces,26−28 selective organic
remediation,29−32 and oil recovery.33−35

In view of the recent interest in dynamics of water under soft
confinement,36 the P3HT framework presents a unique
molecular structure where confinement occurs from both the
alkyl side groups and thiophene backbone. The confinement
from the alkyl groups is soft and fluctuating due to the nature of
the motion of the aliphatic chains. The confinement from the
thiophene backbone is structured and more rigid. The dual
nature of confinement from the framework leads to interesting
water aggregation effects exhibited in dynamics, coordination,
and hydrogen bond participation that can be contrasted to the
amorphous P3HT matrix.

■ METHODS

All-atom molecular dynamics (MD) simulations are used to
quantify the behavior of water confinement in crystalline and
amorphous P3HT. The potentials for all-atom MD were
developed in-house and have been validated through
comparison to interfacial and bulk structure of P3HT37−39 as
well as its wettability.40

For crystalline P3HT, there are 64 chains containing 20
monomers from each simulation box with π−π stacking along
the y-axis. The short-chain P3HT provides an overview on the
dynamics of water inside a soft templated organic material. It is
worth mentioning that even slight changes in tacticity for
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common polymers,41−50 as well as P3HT,51−54 may lead to
large differentials in physical behavior. Along these lines,
maintenance of regioregularity and processability is a concern
for P3HT at higher molecular weights55,56 and analyzing a 20-
mer would allow for quantification of the disruption in π−π
stacking to be accessed while keeping other factors constant.
Furthermore, the packing of the crystalline P3HT is stable and
can be represented even by a 10 monomer form and the
densities change only by 2% going from a 10-mer to infinite
chain length.39 Torsional population for planar backbone and
hexyl side chains converges at a 20-mer chain length.39 A 20-
mer chain, with a stable and representative packing, allows for
two chains in the lateral direction and is a reasonable system
size to explore the underlying local mechanism that depends
only on the nature of the soft templating induced by the crystal
structure.
The potentials used correctly replicated the 3.8 Å39 distance

between π−π stacks, observed from diffraction studies.57 The
ordering of the backbone and hexyl chains was along the x- and
z-axes, respectively. The distance between the alkyl side groups
(4 Å) is of the same order as the distance between the
thiophene backbone (3.8 Å). Hence, crystalline P3HT exhibits
dual confinement in the x- and y-directions. For amorphous
P3HT, the number of chains and monomers remained the
same as the crystalline case. A 12-6 van der Waals potential with
a cutoff of 12 Å was applied for all systems. The developed
potentials were based on optimized potentials for the liquid
simulations-all-atom (OPLS-AA) paradigm. Details of force
field parameters and potential energy functions are provided in
section S1 of the Supporting Information. Long range
Coulomb interactions were computed using the particle-
particle/particle-mesh (PPPM) Ewald algorithm.58 All simu-
lations were carried out at 300 K using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) package
developed and maintained by Sandia National Laboratories.59

To test the saturation limit of the P3HT systems, water
molecules varying in number from 20 to 200 were dispersed
within the two P3HT matrices. The dispersion of water
molecules inside the P3HT matrix was done randomly, while
avoiding overlap with any other atoms so that no artificial
imperfections are created in the system. Differentials in the
nature of water confinement and aggregation between the
crystalline and amorphous systems was best represented by the

choice of 200 water molecules in the simulation box, which
distinctly portrayed stability in the largest water aggregate
formed for crystalline P3HT, and continuous growth for
amorphous P3HT (see Abstract image). The number of water
molecules is seen as sufficient to study the mechanism of π−π
disruption and the effect of aggregate formation due to dual
templates. More water molecules would cause more disruption.
All trajectories represent a simulation time of 100 ns.

■ RESULTS AND DISCUSSION
A major characteristic of the water aggregate in crystalline
P3HT, as shown in Figure 1a, is its chainlike nature with end
termination by larger sized “head groups”. We term these
terminal “head groups” as end clusters. These end clusters are
primarily responsible for the disruption in π−π stacking. Also
noticeable is the local disruption caused around a π−π stack
that has been displaced from its equilibrium value of 3.8 Å. This
points to a dynamic nature of the chainlike water aggregates in
crystalline P3HT, with end clusters that disrupt a number of
adjacent sites. An increase in π−π stacking distance of up to 2.6
Å from equilibrium value has been observed. The effect of such
π−π disruptions is directly related to loss in electron transfer
pathways and efficiency, previously shown through DFT
computations to occur for displacements in π−π stack distance
for values as small as 0.5 Å.60 Additionally, displacement of the
π−π stack would also be typically accompanied by angular
distortion, which would further decrease the efficiencies. At the
same time, in the absence of other water clusters around the
π−π stack, we would expect reversion to the minimum energy
π−π stacked state.
What leads to this unique water aggregate geometry for the

crystalline P3HT? We hypothesize that the total size of the
water aggregate is limited for crystalline P3HT because of the
dual confinement inherent to the molecular framework. The
alkyl side groups push the water molecules toward their limiting
size, through a soft fluctuating confinement. The distance
between the alkyl side groups (4 Å) is of the same order as the
distance between the thiophene backbone (3.8 Å). Hence, twin
confinement leads to the unique chainlike structure with end
cluster termination.
Further, for individual water molecules, loss in mobility in a

crystalline matrix would mean a lower probability of joining a
water aggregate as part of the chain or end cluster. In glassy and

Figure 1. Panel (a) is a representative image of the disruption in π−π stacking caused by water aggregation in the crystalline P3HT matrix. The
broken lines show the new stack distances, which are significantly larger than the equilibrium value of 3.8 Å, with two illustrative values of 5.8 and 6.4
Å. Panel (b) depicts the characteristic “hopping” of a water molecule in a crystalline P3HT system between three states. Each water molecule is a
point in the trajectory over a simulation time of approximately 1.4 ns. Water molecules were chosen to best highlight the trajectory. The molecules
representing the initial and final points in the trajectory are shown with larger van der Waals radii.
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crystalline polymers, water diffusion is known to exhibit a
“hopping” mechanism, wherein an examination of spatial
trajectories shows confinement within “cavities”, with an
occasional jump from one cavity to another that is very
fastof the order of picoseconds.61 The “hopping” motion is a
direct consequence of the packing of polymers. The three states
of a “hopping” water molecule, with the molecule being
selected such that it is free throughout the 100 ns trajectory and
never joined a water aggregate, is shown in Figure 1b. The
trajectory represents motion between 13 and 14.4 ns for the
representative water molecule. The jump to the intermediate
“cavity” is quick (within 4−6 ps), where it stays for less than 50
ps, followed by movement to the final state where it stays for
several nanoseconds before making another jump.
How would the behavior for a free water molecule differ

between amorphous and crystalline P3HT matrices? What does
the dynamics of the free water molecule tell us about the nature
of the water aggregates/clusters in both matrices?
To answer the above, mean-squared displacement (MSD)

calculations were carried out for (i) a single representative
water molecule that never joined any aggregate or cluster
throughout the 100 ns trajectory in amorphous and crystalline
P3HT, and (ii) all water molecules that form the largest water
aggregate in amorphous and crystalline P3HT matrices tracked
from the initial time t = 0.
Figure 2a shows the single free water molecule MSD for

amorphous (top) and crystalline (bottom) matrices. The
“hopping” between “cavities” is more frequent for the
amorphous P3HT matrix, and the absolute values for MSD
are an order of magnitude greater than that for crystalline
P3HT. The limited mobility of the free water molecule in
crystalline P3HT, in comparison to amorphous P3HT, reduces
their probability of joining a water aggregate as discussed above.
This would point to a larger water aggregate for the amorphous
P3HT matrix. Also shown in the MSD values in Figure 2a is the
signature of the “hopping” between states. The MSD for a
single free water molecule in crystalline P3HT represents the
same molecule for which “hopping” was shown in Figure 1b.
The “hop” from intermediate to final state is in the range of the

second jump in MSD values and illustrates the quick nature of
the process.
Figure 2b shows the MSD for all water molecules that

constitute the largest aggregate for amorphous (top) and
crystalline (bottom) P3HT matrices. It is apparent that the
confinement effects are not anisotropic (or directional) for the
set of water molecules constituting the amorphous P3HT
matrix. The dual confinement due to the thiophene backbone
and alkyl side chains is illustrated in hindered dynamics for the
set of water molecules forming the largest aggregate for the
crystalline P3HT matrix. For the crystalline case, we observe an
order of magnitude higher diffusion in the z-direction, pointing
to marked anisotropy due to dual confinement. There is a
distinct contrast of the anisotropic diffusion behavior of water
molecules constituting the largest aggregate in the crystalline
P3HT matrix with the nearly similar diffusion in all three
directions for water molecules constituting the largest aggregate
in the amorphous P3HT matrix.
A further examination of the MSD behavior of the largest

aggregate in the crystalline P3HT matrix (Figure 2b, bottom)
reveals an initial fast dynamics, before 10 ns, where the largest
aggregate is formed. Formation of the initial aggregate before
10 ns can also be observed in the Abstract image. Initial
formation is followed by a slow dynamics region up to 80 ns
where the aggregate moves as a whole. In this middle portion of
the MSD (Figure 2b, bottom), the largest aggregate is moving
toward the crystal edge (chain ends) with slow dynamics, and
causes local disruptions in the π−π stacking with its movement.
Local disruption effects can be seen in Figure 1a. Beyond 80 ns,
as the movement of the aggregate proceeds to the region
between the 20-mer chain ends, more free volume is available.
The availability of larger free volume at the chain ends leads to
faster dynamics and merging of aggregates as can be seen in the
increase in size of aggregate for the crystalline matrix after 80 ns
(Abstract image). Increase in molecular weight of P3HT would
increase the time at which the aggregate starts to move as a
whole and meet the chain ends. The nature of the aggregate,
however, would remain the same. In this context, we have also
analyzed the wettability of 20-mers and 40-mers and found that
the effect of chain length is minimal in terms of changes in

Figure 2. Panel (a) shows MSD values for a representative water molecule that never joined a water aggregate during 100 ns of the simulation for
amorphous (top) and crystalline (bottom) P3HT matrices. The representative water molecule for crystalline P3HT is the same water molecule for
which “hopping” is illustrated in Figure 1b. The representative water molecule for amorphous P3HT is 1 of only 3 water molecules, out of 200, that
never joined a water aggregate. Panel (b) shows MSD values for water molecules constituting the largest water aggregate for amorphous (top) and
crystalline (bottom) P3HT matrices.
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interfacial energies40 with the exposure of backbone versus side
chain being the dominant influence in wettability. Hence, a
stable packed 20-mer would mechanistically represent the
diffusion inside as well as the local aggregation leading to π−π
disruption in crystalline P3HT. Additionally, the behavior after
80 ns does not directly contribute to the disruption in π−π
stacking, since the aggregate, though much larger due to
merging with other aggregates, is out of the soft confinement
region.
The end clusters in these slow moving aggregates in crystalline

P3HT are the cause of π−π stacking disruption. The nature of
the end clusters is important in understanding the extent of
disruption. Figure 3a shows various forms of the end clusters,
with a higher number of cyclic pentamer forms. The end clusters
switch back and forth between pentameric, hexameric, and
tetrameric forms (see the Supporting Information for the
movie) which point toward these three being thermodynami-
cally accessible states. The three clusters (tetra-, hexa-, and
penta-) have previously been reported to favor boat, chair, and
semichair structures.62−65 We observe all of these forms in the
dynamics of molecules forming end clusters. What is unique is
the high statistical population of pentameric structures without
stabilization from a ligand or an ion.
The structural symmetric forms of the end clusters are

common in clathrate hydrate formations which have a
templated growth mechanism based on initial “caged”
molecules.66,67 The pentameric form has previously been
reported as resulting from “hydrophobic ice” like structures68,69

under confinement, which are different from three-dimensional
hexagonal ice-like structures where no confinement exists.70

The metastable nature of the penatmeric form has also been
reported for protein cavities, organic crystals, and supra-
molecular complexes.71−73 The pentameric form is hypothe-
sized as the favored configuration. We observe that the
presence of water molecules near the pentameric form leads
to switches in acceptance and rejections (see the Supporting
Information for the movie), and the resultant minimum energy
conformations are part of the metastable nature of the end
clusters. It should be noted that the unique templating in the x-
and y-directions from wagging alkyl chains and rigid thiophene
backbone leads to the chainlike metastable pentameric end
cluster terminated water aggregates in crystalline P3HT
matrices.

Figure 3b shows the limits of aggregate size for crystalline
P3HT, with a larger number of smaller aggregates. This is
consistent with our observation that dual confinement and
lowered mobility of free water molecules lead to lowered water
aggregate sizes for crystalline P3HT. The aggregates in
amorphous P3HT continue to grow and are not limited by
confinement due to defined packing of chains. The water
agglomeration in the amorphous matrix shows an Ostwald
ripening mechanism,74 wherein the smaller aggregates are
merged into larger ones.
The significant difference in the nature of water aggregation

in amorphous and crystalline P3HT matrices is expected to
translate to their hydrogen bond participation. Since the free
water molecules are more mobile, and larger aggregates
continue their growth (see the Abstract image) for the
amorphous matrix, it would be expected that the overall
participation rate is higher for amorphous P3HT when
compared to crystalline P3HT. This is in fact true (Supporting
Information, Figure S1), where the hydrogen bond partic-
ipation rate saturates to 98% for amorphous P3HT (only 3 free
water molecules out of 200 at the end), compared to 90% for
crystalline P3HT. The criteria for computing hydrogen bonds
are based on our previous work on wetting of chemically
modified surfaces.75

Since the hydrogen bond participation rates are higher for
water molecules, as expected, inside the amorphous P3HT
matrix, a breakdown of the type of hydrogen bond over the
course of the simulation is needed to further elucidate the
aggregation behavior under confinement.
Figure 4 represents the breakdown of the nature of hydrogen

bonds for all water molecules inside amorphous and crystalline
P3HT. For amorphous P3HT, the increase in 3 hydrogen
bonds per water molecule is significant and represents the
continuous growth in the size of the amorphous aggregate,
since a large number of the water molecules would reside on
the surface of the water aggregate. This behavior is
accompanied by continuous lowering of 2 hydrogen bonds
per water molecule, showing a growth toward a three-
dimensional aggregate. For crystalline P3HT, the approximately
10% of water molecules that are free can be seen with 0
hydrogen bonds per water molecule at 100 ns. The growth in
the 3 hydrogen bonds per water molecule is due to the end
clusters and also the merging of aggregates outside of the soft

Figure 3. Panel (a) shows the nature of end clusters that terminate the chainlike water aggregate for crystalline P3HT. The majority of the end clusters
in crystalline P3HT are pentameric, although there are other forms such as hexamer (shown) and tetramer (not shown). Panel (b) shows the
aggregate size distribution presented as normalized frequencies for crystalline and amorphous P3HT averaged for the last 1 ns of the simulation.
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confinement region. The population of 2 hydrogen bonds per
water molecule stabilizes, indicating an equilibrium of the 2-D
chainlike structure, with more growth going toward the cluster
ends.

■ CONCLUSION

In summary, we report the critical role of the water aggregation
under confinement in disrupting the π−π stacking of crystalline
P3HT. Slow dynamics of the end cluster in crystalline P3HT
allows for large local disruptions. The MSD behavior of the free
water molecules shows mobility in the amorphous matrix being
an order of magnitude larger than that in the crystalline matrix.
The “hopping” behavior in the crystalline matrix is a fast
transfer (in the order of ps) between various “cavities”, in line
with previously reported behavior, followed by extended
residence in “cavities” when compared to the amorphous
matrix. Dual confinement and impeded mobility limit the
aggregate size growth in the crystalline P3HT matrix. The two-
dimensional chainlike structure with predominantly pentameric
cluster ends for crystalline P3HT water aggregates is a result of
soft templating from both the thiophene backbone and side
chain alkyl side chains. The pentameric end cluster exists in a
metastable state and switches to hexameric and tetrameric
forms upon acceptance or rejection of proximal water
molecules. Design considerations that take into account water
aggregation due to changes in confinement resulting from
modifications to the backbone and side groups would lead to
OPVs with lower degradation.
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