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ABSTRACT The molecular dynamics of organic semiconductor blend layers are likely to affect
the optoelectronic properties and the performance of devices such as solar cells. We study the
dynamics (5 - 50 ps) of the poly(3-hexylthiophene) (P3HT): phenyl-C61-butyric acid methyl
ester (PCBM) blend by time-of-flight quasi-elastic neutron scattering, at temperatures in the
range 250 — 360 K, thus spanning the glass transition temperature region of the polymer and the
operation temperature of an OPV device. The behavior of the QENS signal provides evidence for
the vitrification of P3HT upon blending, especially above the glass transition temperature, and

the plasticization of PCBM by P3HT, both dynamics occurring on the picosecond time scale.

TOC GRAPHICS

Organic photovoltaic (OPV) devices have attracted a keen interest over the past decade for their
potential low-cost, light-weight, flexibility and ease of use and processing. In contrast to

inorganic solar cells, the photocurrent generation results from two consecutive processes



consisting of the dissociation of photogenerated excitons into free charges at a donor:acceptor
(D:A) interface, followed by the transport of those free charges to the relevant electrodes.
Transient optical spectroscopy has been used extensively to probe the radiative decay of the
different states on time scales from a few femtoseconds up to milliseconds to infer the
mechanisms of such processes.' If processes occurring at both time scales are not fully
understood yet, there is some evidence that the separation of excitons into free charges occurs on

tens of fs to ps time scales.’

The influence of the microstructure of the D-A blend on the efficiency of such processes has
been highlighted.® However, only a few reports exist on the effect of both polymer and fullerene
dynamics on these processes.* The impact of adding a fullerene derivative on the polymer
dynamics has been inferred by showing an increase of the glass transition temperature as a
function of the fullerene addition, using differential scanning calorimetry.” However, extensive
studies on non-conjugated polymers highlight the occurrence of various dynamical behaviors
within the broad time scale of fs to ms. The latter reflect different dynamics ranging from
vibrations of atoms, through rotations of the side chain groups (ps to ns), to backbone motions at
longer time scales (> ns). Therefore, these dynamics are likely to impact the photoelectric

processes.

Furthermore, under practical operational conditions, OPV devices operate within a temperature
range from ambient temperature up to 360 K (at a maximum sun exposure).® Therefore, studying

the temperature-dependence of such dynamics is of considerable importance.

Recently, a few computational studies attempted to capture the impact of the D-A microstructure

by using molecular dynamic simulations as an initial structure to study charge separation.’



However, the simulated structures were not validated experimentally, neither were the dynamics
studied. Reducing the dimensionality from atom coordinates to few degrees of freedom is needed
to carry on more detailed quantum chemistry calculations from those initial structures, and is a

demanding task.

Patern0 et al. studied the dynamics of the hydrogenated poly(3-hexylthiophene) (P3HT):phenyl-
C61-butyric acid methyl ester (PCBM) blend, using different solvents, within a time window of
about 10 to 470 ps. They reported a change in the dynamics occurring around 285 K,
corresponding to the temperature range of the glass transition of P3HT reported in literature.
They noted a frustration of the polymer dynamics when the fullerene was added, but only at an
elevated temperature of 435 K, while no noticeable difference in dynamics was observed at 340
K, as a function of the solvent.® In the same context of probing dynamics, Etampawala et al.
studied the polymer dynamics in blends with lower fullerene concentrations (up to 10%), and in

a time window of about 100 ps to 2 ns.’

In this letter, we study the dynamics of the well-known P3HT:PCBM blend at 1:1 weight ratio
by quasi-elastic neutron scattering (QENS) in a time window of about 5 to 50 ps, and within the
temperature range 250 K to 360 K. This time domain, directly relevant for charge career
separation processes, offers deeper and complementary insights into the fast component of the
dynamics of the P3HT-PCBM blend. The selected temperature domain covers the glass
transition of P3HT, as well as the temperature regime of organic solar cells under operational
conditions. Further, as an interesting novelty with respect to previous related works,®® we study
the fully deuterated P3HT, and partially deuterated PCBM (only the phenyl ring is deuterated for
this study) and their blends with fully hydrogenated polymer and fullerene. This allows to reduce

the incoherent scattering of one or both of the materials enabling signal discrimination from the



two components of the blend (see Tables S1 and S2 in Supporting Information), and therefore
leading to the specific characterization of PCBM dynamics in the polymer matrix. In the
following, hydrogenated and (partially) deuterated P3HT/PCBM will be indicated by a prefix h-

and d-, respectively.

The Q-averaged dynamic structure factor S(E), at 250 and 360 K, is plotted in Figure 1. A base
temperature (10 K) measurement served for an energy resolution purpose. Figure 1 a-b, and c-d,
show the impact of blending on the polymer dynamics, and the fullerene dynamics, respectively.
At 250 K, upon blending, a tiny difference is observed for the polymer dynamics, while no
noticeable effect is distinguishable for the fullerene. However, at 360 K, above the glass
transition of the polymer, the dynamics of P3HT becomes frustrated due to blending. This is
reflected by the intensity increase of the elastic peak, and the narrowing of the quasi-elastic
signal. A smaller difference is observed at 360 K for PCBM. Interestingly, PCBM dynamics is

enhanced at 360 K as the elastic peak decreases and the quasi-elastic signal broadens.
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Figure 1. Q-averaged dynamic structure factors for (a and b) h-P3HT, h-P3HT:d-PCBM, (c and
d) h-PCBM, and d-P3HT:h-PCBM, at 250 K (a and c¢) and 360 K (b and d). In each case the
black dotted spectrum corresponds to data collected at 10 K, to represent the resolution function

of the instrument. In each case, the right panel displays the background corrected QENS signal.

Further, we derived the intermediate scattering functions, I(t, Q), by Fourier transforming the
background corrected QENS signals and deconvoluting the instrumental resolution (the

underlying methodology presently used can be found in the Supporting Information)



Intermediate scattering functions are displayed, at 250 and 360 K, for h-P3HT in Figure 2a, h-

P3HT:d-PCBM in Figure 2b, h-PCBM in Figure 2¢ and d-P3HT:h-PCBM in Figure 2d for

different Q values.
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Figure 2. Q-dependence of the intermediate scattering functions (scattered points), at 250 and

360 K, for (a) h-P3HT, (b) h-P3HT:d-PCBM, (c) h-PCBM, and (d) d-P3HT:h-PCBM. The lines

are fits using a stretched exponential model.'*!!



Overall, a broad stretching of I(t, Q) is observed over the different Q values for h-P3HT and h-
P3HT:d-PCBM. At 250 K, the values of I(t,Q) vary between 0.8 and 1.0, while at 360 K,
1(t, Q) functions show a decrease within the range 0.4 - 1.0. This is due to the decrease of the
elastic contribution and indicates the activation of further dynamical modes. In contrast, almost
no stretching is observed at both temperatures for h-PCBM. Interestingly, d-P3HT:h-PCBM
exhibits the same behavior as h-PCBM at 250 K while d-P3HT:h-PCBM adopts an intermediate
behavior between h-P3HT:d-PCBM at 250 and 360K. In order to better understand these
behaviors, we performed a fit of the intermediate scattering functions using the following

stretched exponential model:

I(t, Q) = (1 — EISF(Q)) * exp (— (%)B) + EISF(Q) Equation 1

where EISF(Q) is the elastic incoherent structure factor, T is the Q-dependent relaxation time of

the measured dynamics, and  is the stretched exponent.'*"!

Within the available time window, this experiment is unlikely to capture the (slow) relaxation of
the backbones, or the complete reorientation of the fullerene but likely to measure the
reorientation of the aliphatic side chains of both polymer and fullerene. In the case of localized
motions such as side chain end-group rotations, t is expected to be Q independent. In the case of
diffusive jumps for the reorientation of the side chains, <t> is expected to be proportional to Q>
at low Qs and plateau around 7, at high Qs, 1 being the residence time before jump. Given the
restricted window and the number of fitting parameters, it is hard to differentiate between a

change in EISF(Q) and a change in 1(Q). Therefore, we adopt two different fitting strategies.



In the first one, we assume that EISF(Q)=REISF(Q)-A where REISF(Q)=I(Q,t=Tys) is the
resolution dependent elastic incoherent structure factor. A takes into account the excess of elastic

fraction due to apparently localized particles and is assumed Q independent. REISF(Q) can be

S(Q.E=0meV,T)
S(Q,E=0 meV,T=10K)’

calculated by providing that the QENS signal have been corrected for the

is plotted as function of Q? in

background and their area normalized to one. < 7 >"1= - 1ﬁ/ 5

Figure 3 a for samples containing h-P3HT and in Figure 3 b for blends with d-P3HT. It was not

possible to fit the data with this model for neat h-PCBM and d-PCBM since.
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Figure 3. < 7 >"1 extracted from the stretched exponential fit (scattered points), at 250 K and
360 K, as a function of Q, for (a) h-P3HT, h-P3HT:h-PCBM, h-P3HT:d-PCBM and for (b) d-

P3HT:h-PCBM, d-P3HT:d-PCBM.

Jump diffusion behavior is observed for all samples except h- and d-PCBM. For blends with at
low temperature, a plateau at low Qs is observed indicative of confinement within a sphere of
radius around 8-10 A. The side chains state as well as PCBM molecules within the amorphous
mixture are most likely confined in solid-state by the backbones of the polymer. We performed a

fit of < 7 > (Q) ! using the following equation:



DQ?
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Equation 2

where D is the diffusion coefficient and t, the residence time. We find diffusion coefficients of
the order of 0.05 A%.ps™ for all the samples at 250 K and for the blends with d-P3HT at 360K.
For h-P3HT and its blend, the diffusion coefficient increases to about 0.15 A%.ps™ at 360K. The

residence time is about 20 ps for all the samples at 250K and decreases to about 10 ps at 360K

(see Table S3).

In the second fitting strategy, t and 3 are kept Q-independent, assuming localized motions, while
EISF(Q) is allowed to vary freely. EISF(Q) are plotted for the two fitting strategies in Figure S3
in Supporting Information illustrating the high dependency of the fitting parameters. The
probability distribution functions, P(E,t, B),'* corresponding to the stretched exponential fits are
plotted for samples containing h-P3HT in Figure 4 a and for neat fullerene samples and blends

with d-P3HT in Figure 4 b.
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Figure 4. Probability distribution functions P(E,t,[3) of the relaxation times as the function of the
energy for the h-P3HT, h-P3HT:h-PCBM and h-P3HT:d-PCBM (a and b) and for h-PCBM, d-
PCBM, d-P3HT:h-PCBM and d-P3HT:d-PCBM (c and d) at 250 K (a and c) and 360 K (b and

d).

Two types of dynamics can clearly be distinguished in Figure 4. The first one relates to a narrow
probability distribution at high energies that broadens at 360 K for the polymer, and the second
corresponds to a broader distribution at low energies for PCBM. Upon blending, the polymer
probability distribution is slightly broadened and shifted to lower energies while the opposite
trend is observed for PCBM. This is indicative of the frustration of the polymer dynamics. Some
small differences are observed between hydrogenated and deuterated samples i.e. h-P3HT:h-
PCBM and h-P3HT:d-PCBM samples. This can be due to a number of factors including the

difference of mass, possible difference of miscibility and crystallinity.

As a conclusion, we observed the vitrification of P3HT upon blending especially above the glass
transition of the polymer, while the plasticization of PCBM by P3HT is also evidenced. Studying
in details the dynamics of the blend on 5 - 50 ps time scale reveals a rich temperature-dependent
dynamics of the side chain of both components. A forthcoming paper will be dedicated to

unravel this complex dynamical behavior by using molecular dynamics simulations.

Side chains are mainly insulators and thus, the appearance of heterogeneous dynamics of these
side chains on time scale relevant for charge generation is likely to modulate intermolecular
electronic couplings between polymer and fullerene due to screening effects. These dynamics are
drastically impacted by temperature as shown in this study, especially for low glass transition

polymer such as P3HT and are likely to play an important role in solar cell degradation.
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Experimental method

PCBM and d-PCBM ([6,6]-Pentadeuterophenyl-C61-butyric acid methyl ester) were supplied by
Solenne BV. P3HT was obtained from Merck Chemicals (RR = 94.7%, Mn = 19.5 kg/mol, Mw
= 34.1 kg/mol, PD= 1.74). The fully deuterated polymer, d-P3HT, was prepared according to a
literature procedure,'® and was obtained with a number-average molecular weight of 30 kg/mol

and a polydispersity of 1.5 (see Supporting Information).

The as-received materials were dissolved in chloroform (40 mg/mL) and drop-cast on a glass
slide on a hot plate at 60 °C for an hour. The drop-cast films were further dried in a vacuum oven
for an hour. The films were then scratched and reduce to powder. The obtained powder was then
pressed at 100 °C at an applied force of 10 kN.m™ for 15 minutes using a Rondol Technology
hot press. Resulting films were of a thickness of about 0.2 mm."* PCBM was measured in the
powder form obtained after scratching drop-cast film due to the poor quality of the films when
pressed. However, we measured the other samples in both powder and film form and no
difference in dynamics was observed e.g between the pressed film and powder h-P3HT:h-PCBM
samples as evidenced by the QENS dynamic structure factors in Figure S4 in Supporting

Information.

The QENS measurements on hydrogenated and deuterated P3HT-PCBM blends (prepared as
described above), as well as on individual P3HT and PCBM were performed on the direct-
geometry cold neutron, time-of-flight time-focusing spectrometer IN6 at the Institut Laue
Langevin (Grenoble, France). The small sample thickness of 0.2 mm is relevant to the
minimization of effects like multiple scattering and absorption. Data were collected at 10, 250

and 360 K. The former served as a base temperature for an energy resolution purpose, whereas
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the two other temperatures were chosen in such way to cover the glass transition temperature
region of the polymer. An incident neutron wavelength A=5.12 A (E{=3.12 meV) was used,
offering an energy resolution at the elastic line of ~ 0.07 meV. Standard corrections including
detector efficiency calibration and background subtraction were performed. A standard
vanadium sample was used to calibrate the detectors. The data analysis was done using ILL
software tools. At the used wavelength, the IN6 angular detector coverage (~ 10 - 114°)
corresponds to a Q-range of ~ 0.2 — 2.1 A" Different data sets were extracted either by
performing a full Q-average in the (Q,E) space to get the scattering function S(E,T), or by

considering Q-slices to study the S(Q,E,T).
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