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ABSTRACT: Solid-state solvation (SSS) is a solid-state analogue of solvent−solute
interactions in the liquid state. Although it could enable exceptionally fine control over the
energetic properties of solid-state devices, its molecular mechanisms have remained largely
unexplored. We use ultrafast transient absorption and optical Kerr effect spectroscopies to
independently track and correlate both the excited-state dynamics of an organic emitter
and the polarization anisotropy relaxation of a small polar dopant embedded in an
amorphous polystyrene matrix. The results demonstrate that the dopants are able to
rotationally reorient on ultrafast time scales following light-induced changes in the
electronic configuration of the emitter, minimizing the system energy. The solid-state
dopant−emitter dynamics are intrinsically analogous to liquid-state solvent−solute
interactions. In addition, tuning the dopant/polymer pore ratio offers control over
solvation dynamics by exploiting molecular-scale confinement of the dopants by the polymer matrix. Our findings will enable
refined strategies for tuning optoelectronic material properties using SSS and offer new strategies to investigate mobility and
disorder in heterogeneous solid and glassy materials.

Solvation is a stabilizing interaction of solute and solvent
molecules, a fundamental process predominantly associated

with liquid-state systems. Its ubiquity in nature as well as its
potential for tuning the electronic properties of chemical
systems has motivated highly detailed theoretical and
experimental investigations seeking to understand the factors
governing the properties of solvation and how to control
them.1−6 Solvation analogues in the solid state, permitted by
the presence of rotationally mobile polar moieties in crystalline,
semicrystalline, or amorphous materials, however, remain
comparatively underexplored despite their promise for
dynamically controlling the properties of molecular devices.7−19

Solid-state solvation (SSS) has been shown to radically affect
systems consisting of fluorescent dyes embedded in amorphous
polymer films doped with small polar molecules, whereby an
increase in dopant concentration leads to a significant red shift
of the dye emission.7 The lower-energy emission has been
postulated to occur due to stabilization of the emissive state
through electronic and nuclear/orientational reorganization of
the polar dopants, a process analogous to solvent−solute
interactions in liquids. Such SSS has, however, never been
directly observed because all studies have concentrated on the
already relaxed excited state of embedded emitters, thus
obscuring the underlying molecular dynamics responsible for
the energetic stabilization. Here, we investigate how to better

exploit solvation to actively control the properties of functional
solid-state materials by directly monitoring both solvent and
solute responses on ultrafast time scales in their mutual,
photoinduced interaction within amorphous polymer solids.
We have recently shown that SSS can be extended to control

not only the emission energy but also the yield of different
excited states in thermally activated delayed fluorescence
(TADF) emitters, a promising new class of emitters for organic
light-emitting diodes (OLEDs).21 These TADF emitters are
perfect candidates to explore solvation tuning as their
optoelectronic properties are governed by delicate interactions
between close-lying excited states in the singlet and triplet
manifolds. In particular, the energy gap between the lowest
singlet and triplet statesoften charge transfer (CT) and π−π*
states, respectivelytunes the overall quantum yield (QY) of
fluorescence. The latter is dictated by a complex interplay of
thermodynamics and transition dipole coupling to the light
field; a smaller energy gap increases the rate of thermally
activated reverse intersystem crossing from the nonemissive
triplet to the singlet but typically accompanies a lowering of the
oscillator strength of the radiative S1 →S0 transition due to the
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increased polarization of S1.
20,22−25 These counterbalancing

repercussions of SSS lead to a nonmonotonic dependence of
the emission QY with respect to the singlet−triplet energy
gap.18 By varying the concentration of the small-molecule
dopant camphoric anhydride (CA) in amorphous films of the
TADF emitter 2,5-bis(4-(10H-phenoxazin-10-yl)phenyl)-1,3,4-
oxadiazole (2PXZ-OXD)20 embedded in a glassy polystyrene
(PS) matrix (Figure 1a,b), the lowest singlet and triplet states

are stabilized to varying degrees (with CT states displaying
greater solvatochromism, Figure 1c). In this way, the QY of this
OLED material can be enhanced by over 20%, with a maximum
QY achieved between ∼3 and 7 wt % CA doping
concentrations.18

Using the same ternary host−guest−dopant system,
PS:2PXZ-OXD:CA, we now turn our attention to the initial
solvation response following a sudden change in electron
density distribution caused by photoexcitation of 2PXZ-OXD
to a singlet CT manifold (S1 electric dipole ≈ 21 D, S0 electric
dipole ≈ 2 D). By monitoring the excited-state evolution of the
emitter using transient absorption (TA) spectroscopy in both
the presence and the absence of the CA dopant (electric dipole
≈ 6 D), we find distinct ultrafast spectral evolution signatures
that correspond to dynamic stabilization of the emitter’s lowest
CT state in the presence of CA. To confirm the equivalence of
such stabilization to that in liquid solvation, whereby solvent
molecules reorient in response to changes in electronic
configurations of the solute, we use the optically heterodyne-

detected optical Kerr effect (OHD-OKE); this powerful
approach verifies that a polarization anisotropy can be optically
created in CA-doped amorphous polymer films, and it enables
measuring of the time scales associated with orientational
relaxation of CA molecules embedded in the polymer matrix.
We find that at optimized CA concentrations that maximize
their relative contribution to the dielectric medium while
retaining sufficient mobility in the polymer free volume, the
polarization anisotropy dynamics corroborate the emitter
excited-state stabilization time scales measured using TA
spectroscopy. The results explicitly reveal the intrinsically
close association between solid-state and liquid-state solvation.
The emitter excited-state evolution is af fected by the introduction

of a solid-state solvent. Figure 2a displays the TA spectra of spin-
cast ∼1 μm thin films of PS:2PXZ-OXD with 0, 5, and 10 wt %
doping concentrations of CA. The system is excited using a 400
nm, ∼100 fs duration laser pulse at the lowest-energy allowed
electronic transition (centered at 400 nm with an onset at 450
nm18), but the expected ground-state bleach at these
wavelengths is not clearly discernible. Instead, the spectra
from 400 to 650 nm are in all cases dominated by excited-state
absorption (ESA) with two broad bands centered at ∼440 and
∼530 nm, which decay on few-ns time scales. The introduction
of CA produces differences in the ESA evolution that are
immediately visible at early time delays, most evident in the
less-congested spectral region around 550−580 nm in Figure
2a. To elucidate the early time dynamics of each system, the
kinetics are globally fit across all wavelengths. The resulting
spectral amplitudes of each exponential component, or decay-
associated spectra (DAS), are displayed in Figure 2b. Lifetimes
and associated errors, summarized in Table 1, are averages and
standard deviations of the mean of globally fitted lifetimes
across three independent data sets.
There are several key features that highlight the different

excited-state evolution in the first few hundred picoseconds
following photoexcitation of 2PXD-OXD in PS in the presence
of vs in the absence of CA. First, a sum of two exponentials
with lifetimes τ1 = 97 ± 6 ps and τ2 = 1.1 ± 0.2 ns deconvolved
from the instrument response function (IRF, 120 fs) is
sufficient to fit the observed dynamics of the binary system
PS:2PXZ-OXD. These correspond, respectively, to an intra-
molecular nuclear reorganization and to the excited-state
depletion of the emitter. Yet, a third, faster time component
is consistently necessary to fit the dynamics of PS:2PXZ-
OXD:CA(5,10%): τ3 = 6.3 ± 0.7 ps and τ3 = 4.3 ± 0.9 ps,
respectively. This third exponential is reflected in the growth of
the differential absorbance around 430−450 nm on short time
scales, as evidenced by the negative sign of the corresponding
black DAS curve (see also Figures S1 and S2 for kinetic traces
at representative wavelengths with and without CA). This
apparent growth can arise due to both blue-shifting ESAs and
red-shifting stimulated emission as the system relaxes along its
nuclear reaction coordinates following photoexcitation into the
electronic excited state. Indeed, a small but clearly resolvable
dynamic blue shift of the peak ESA positions occurs with 5%
CA concentration (see open circles in Figure 3c). This behavior
is expected in the case of solvation stabilization because the
lowest singlet excited state possesses predominantly CT
character while higher-lying excited states possess mixed CT/
locally excited character and are thus less affected by the local
dielectric (see the computational section in the Supporting
Information). A second key difference when CA is present is
that the intramolecular dynamics leading to the stabilized 1CT

Figure 1. Overview of experimental aim. (a) The oxadiazole−
phenoxazine donor−acceptor−donor TADF emitter 2PXZ-OXD20 is
embedded in a PS host matrix doped with the small polar molecule
CA. (b) Upon photoexcitation of 2PXZ-OXD, a charge transfer state
with a large electric dipole (∼21 D) is created; we monitor whether
and how CA molecules reorganize to stabilize this new electronic
configuration. (c) Steady-state emission spectra showing that the
emissive state (S1) is stabilized upon increasing dopant concen-
tration.18
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state are faster (τ1 = 24 ± 2 ps with 5% CA and 50 ± 12 ps with
10% CA vs 97 ps with 0% CA). While PS aromatic side chains
may also electronically interact with 2PXZ-OXD22 and
potentially affect dynamic components in the TA spectra, the
addition of CA clearly has its own effect on the system’s
excited-state dynamics.
To connect these observations to solution-state dynamics, we

also investigated the excited-state evolution of 2PXZ-OXD in

toluene and chloroform under the same experimental
conditions (Figure S3). We found that the overall spectral
dynamics in solution are very similar to those of the ternary
solid-state PS:2PXZ-OXD:CA system. In particular, the
picosecond time scale growth observed in the films at short
wavelengths also occurs on the characteristic solvation time
scale for chloroform (2.6 ps). Furthermore, changing from a
nonpolar solvent (toluene) to a relatively polar one (chloro-
form) leads to blue-shifted ESAs and faster excited-state
evolution toward the stabilized 1CT state.
Overall, the TA data for PS:2PXZ-OXD:CA(5,10%) films

suggest that the singlet CT state stabilization is both enhanced
and accelerated in the presence of CA. The characteristic early
time spectral evolution in the presence of CA is remarkably
similar to that observed in solution-state TA and suggests that
CA dynamically solvates the excited state of 2PXD-OXD
embedded in the polymer matrix. In earlier studies of SSS,7,18

an increase in dopant concentration led to a relatively linear
decrease in emission energy and increase in electronic
permittivity of the films from 0 to 10% doping concentration.
One might therefore expect that the trend in excited-state
evolution from 0 to 5% CA concentration could be extrapolated
to 10% concentration. While the early time dynamics with 10%
CA do indicate solvation-like behavior according to our
assignments, the intermediate evolution time scale of tens of
ps, indicative of the time required for complete CT
stabilization, is considerably slower than that observed with
5% CA while still faster than that with 0% CA. Furthermore,
ESA dynamics blue shifts with 10% CA concentrations are too
small to be reliably resolved within the error of the experiment.
We will return to this surprising observation below.

Figure 2. Chirp-corrected TA spectra following 400 nm excitation (a) and DAS (b) extracted from global analysis of the time-resolved data for
PS:2PXZ-OXD:CA(0,5,10%) films. All exponentials are deconvolved from a Gaussian IRF of 120 fs full width at half-maximum (fwhm). Two
exponentials are required to fit the 0% CA data, while three exponentials are required to fit the 5 and 10% CA concentration data. The additional
short exponential component represents shifting ESAs and stimulated emission, assigned to excited-state stabilization by CA.

Table 1. Short (<1 ns) Lifetime Components, In
Picoseconds, From TA and OHD-OKE Data

0% CA 5% CA 10% CA

TAa 97 ± 6 6.3 ± 0.7 4.3 ± 0.9
24 ± 2 50 ± 12

ESA blue shift − 4 ± 2 d
22 ± 9

OHD-OKEb − 1.6 ± 0.2 1.5 ± 0.4
14 ± 2 13 ± 2

CV(t)
c − 2.5 ± 0.1 0.6 ± 0.1

25 ± 0.2 3.2 ± 0.1
13 ± 0.1

aValues quoted for the TA fits are averages and standard deviations of
the mean across three globally fitted data sets for each concentration.
bValues quoted for the OHD-OKE fits are averages and standard
deviations of the mean across four different data sets for each
concentration. cCV(t) is calculated using data shown in Figure 3a,b,
where the thickness of the 5 and 10% CA films are equivalent. dAny
dynamic blue shift of the ESA in 10% CA films is too small (<1−2
nm) to be reliably extracted from our data.
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Orientational relaxation of CA molecules occurs on the same
time scale as excited-state solvation of the emitter. While the TA
data suggest that CA indeed plays an active role in stabilizing
the excited state of 2PXZ-OXD, the molecular underpinnings
of this stabilization, in particular, whether or not it is due to a
liquid-like process of solvent reorganization, remains an open
question even with the above TA results. In order to answer
this question, we also perform OHD-OKE experiments that
probe the decay of the CA polarization anisotropy created by
an intense linearly polarized nonresonant pump pulse. In these
experiments, exponential relaxation on the order of a few
picoseconds is a characteristic signature of orientational
randomization of pump-aligned molecules in the sample,26,27

serving as an indicator of rotational mobility in the glassy
polymer matrix.
To obtain a sufficient signal-to-noise ratio in disordered,

amorphous samples such as the PS films currently investigated,
we make several modifications to a typical OHD-OKE
experiment (see the Experimental Methods section). As the
pump should be nonresonant and we are primarily interested in
the typically >1 ps diffusive orientational component of the
response, we intentionally stretch the initially 40 fs laser pulses
to 0.7 ps (fwhm) to allow for more polarizing, higher powers to
be used without damaging the films.28−30 Furthermore, to
increase the sample path length, the films were drop-cast and
thermally annealed (rather than spin-cast); the resulting free-
standing films are optically clear with a thickness of
approximately 80 ± 20 μm. Finally, to avoid two-photon
absorption of the 800 nm pump pulses as well as emitter

aggregation during drop-casting, we employed emitter-free
PS:CA films for OHD-OKE experiments.
The −1 to 25 ps OHD-OKE signal plotted on a log scale in

Figure 3a is dominated by an instantaneous electronic response
around time zero, followed by a much weaker contribution
from nuclear dynamics, which is shown more clearly on a linear
scale in Figure 3b up to 100 ps. The nuclear response is of
primary interest to this study. It is immediately evident from
Figure 3a,b that no longer-time signal is present in PS-only
films, while in PS films doped with CA, slower exponential
components are present, indicating that the CA molecules are
indeed mobile and that their alignment by the linearly polarized
pump pulse leads to a transient birefringence that disappears as
the dopants rotationally randomize. The PS-only trace only
deviates slightly from the IRF, indicating a fast-relaxing (≪1
ps) inertial component due to pump-induced distortions in the
polymer matrix. Both the 5 and 10% CA traces exhibit double-
exponential behavior at times > 1 ps, with a short component
on the order of τ = 2 ps and a longer component on the order
of τ = 14 ps (Table 1; see Figure S4 and Table S1 for the
spread of values across samples). The longer time scale, too
slow to represent unhindered orientational relaxation of a small
quasi-spherical molecule like CA, can be readily assigned to
hindered reorientation due to the confining environment of the
glassy polymer matrix. On the basis of an extensive body of
work on anisotropic relaxation times of nonwetting liquids
confined in nanoporous sol−gel glasses,31−36 we assign the
shorter component to rotational relaxation of CA molecules
that are far enough away from the polymer pore surfaces to
remain relatively unhindered, though it may also include

Figure 3. OHD-OKE data for PS:CA from 0 (black), 5 (red), and 10% CA (blue) free-standing films. (a) Normalized OHD-OKE traces from −1 to
25 ps, along with the IRF measured by the pump-induced birefringence in a 0.1 mm quartz slide. (b) Un-normalized OHD-OKE traces from 2 to
100 ps. Each trace is offset by 0.2 a.u. for clarity. (c) CV(t) calculated according to eqs 1−4 in the main text. For comparison, the Stokes shift
correlation function for the 440 nm ESA observed in the TA of PS:2PXZ-OXD:CA(5%) is plotted (open circles). The Stokes shift correlation
function is calculated as S(t) = [ν(t) − ν(∞)]/[ν(0) − ν(∞)],1 where ν(∞)is the peak frequency of the ESA after 100 ps and ν(0) is taken as the
peak frequency of the ESA band from PS:2PXZ-OXD:CA(0%) at early time delays. The calculated S(t) and CV(t) for 5% CA films extracted from
TA and OKE correspond well to each other. (d) Total OHD-OKE signal (from the sum of the fit exponential amplitudes to the nuclear dynamics)
measured in PS:CA(0, 2.5, 5, 7.5, 10%) shown in red histograms, overlaid with the estimated percentage of singly occupied polymer pores as
calculated from Poisson statistics (black squares; see the text for details).
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contributions from collision-induced interactions.26 Further-
more, although the relative contributions of the two anisotropy
relaxation time scales may change with temperature, these
changes are not expected to follow Arrhenius behavior in
amorphous glasses because trapped excess free volume remains
relatively constant over a wide temperature range.37

In order to relate the observed polarization anisotropy
relaxation time scales to dipolar solvation, we use a well-known
procedure that relates the solvation correlation function CV(t)
to the dipole−dipole correlation function C(2)(t) obtained by
numerical integration of the nuclear coordinate response r(t)
extracted from the OHD-OKE signal O(t)26,38−41

≈ αC t C t( ) [ ( )]V
(2) /3s (1)
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where ρ is the CA number density (assumed to be statistically
distributed throughout the film), μ is the CA electric dipole
moment, and ε is the electric permittivity of the medium,
obtained from ref 7 for different CA concentrations. We obtain
values of αs = 2.8 for 5% CA and 5.2 for 10% CA films. The
power law exponent αs/3 relating the solvation time correlation
function to the dipole−dipole correlation function in eq 1 is an
appropriate approximation in the case that r(t) is dominated by
orientational dynamics but breaks down if intermolecular
interactions contribute significantly to the signal.39

Figure 3c displays the calculated CV(t) for PS:CA films at
doping concentrations of 5 (red curve) and 10% (blue curve).
For comparison, the Stokes shift correlation function, S(t),1

extracted from the blue shift kinetics of the ∼440 nm ESA
observed in the TA of PS:2PXZ-OXD:CA(5%), is plotted as a
function of time (see Figure S5 for additional detail). Although
the latter is noisy due to the total blue shift being only ∼2 nm,
it is clear that the evolution of CV(t) for PS:CA(5%) is very
similar to the blue shift dynamics observed in the TA. Ignoring
the characteristic26,38,39 Gaussian-like contribution in the first
picosecond, CV(t) can be satisfactorily modeled by a
biexponential function with τ1 = 2.5 ± 0.1 ps and τ2 = 24.6
± 0.2 for PS:CA(5%) and with a triexponential function with τ1
= 0.6 ± 0.1 ps, τ2 = 3.2 ± 0.1 ps, and τ3 = 13.2 ± 0.2 ps for
PS:CA(10%). S(t) for PS:2PXZ-OXD:CA(5%) displayed in
Figure 3c can also be modeled with a double-exponential
function (Figure S5), yielding τ1 = 4 ± 2 ps and τ2 = 22 ± 9 ps.

These lifetimes are summarized in Table 1 along with those
from the raw TA and OKE data.
Notably, at a 5% CA doping concentration, there are

remarkable similarities between the solvation response CV(t)
calculated from the dynamics of the polarization anisotropy
measured using OHD-OKE and the components ascribed to
excited-state stabilization from the TA data, which can
therefore be conclusively assigned to solvation. The key
conclusion from these observations is that CA indeed acts to
stabilize the excited states of 2PXZ-OXD embedded in the
glassy polymer matrix in a manner closely equivalent to
solvent−solute interactions in liquids, on a time scale that
reflects partially hindered motion.
The picture is less clear at 10% CA concentrations, where

CV(t) does not follow the TA dynamics (Table 1). Moreover,
while one might expect a larger anisotropy in the 10% CA film
than that in the 5% CA film (due to a larger number of aligned
molecules in the probed volume), we observe the opposite: the
amplitudes of the exponential components are consistently
smaller in films with 10% than those with 5% CA (Figures 3b
and S2). To elucidate this behavior, we measure the OHD-
OKE signal in 2.5% CA concentration intervals from 0 to 10%
PS:CA films of the same thickness to within ±10 μm (Figure
S6). We use a sum of the amplitudes of the two exponential
components needed to fit the OHD-OKE response after 1 ps
pump−probe delay as a relative measure of the initial nuclear
polarization anisotropy created by the pump pulse in the films;
the results are plotted with red bars in Figure 3d. Beyond 5%
dopant concentration, the maximum achievable polarization
drops. We hypothesize that this saturation effect signifies that
the CA molecules become increasingly hindered at the higher
CA concentrations and are thus not as readily aligned by the
pump pulse.
More specifically, this saturation effect can be explained by

how CA molecules are distributed in the PS matrix’s pores. The
free volume fraction in a PS film is approximately 5.7% at room
temperature with an average pore radius of 2.88 Å or a volume
of ∼100 Å3.45 For comparison, the volume of a CA molecule is
∼82 Å3. Using the number densities of pores and CA molecules
in our films, we estimate the distribution of CA molecules per
pore using Poisson statistics. The black squares in Figure 3d
indicate the percentage of polymer pores that are statistically
predicted to be occupied by a single CA molecule, peaking at
37% for 5 wt % CA before rolling over for higher loading.
These predictions assume that no aggregation occurs during
drop-casting, although due to the solution-phase deposition the
solid state system is kinetically trapped out of equilibrium,
making it difficult to characterize with equilibrium thermody-
namics. Because the CA mainly resides within polymer pores,
higher concentrations of CA imply overcrowding of pores, even
if the CA does not manifest attractive interactions that would
induce aggregation. The trends in Figure 3d therefore suggest
that one explanation for the observed saturation is purely
morphological. Because the average PS pore possesses a similar
volume to a CA molecule, it is likely that the observed
anisotropy in the OHD-OKE signal is dominated by singly
occupied pores. Slower, more severely hindered reorientations
are still likely to occur for CA in multiply occupied pores at
higher CA concentrations, but these molecules statistically
contribute less to the overall signal and are thus more
challenging to measure (see examples of persistent anisotropy
despite low signal-to-noise ratio in Figure S7).
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As a result of the CA-to-free-volume saturation effect, the
10% CA TA data cannot be readily compared to the OHD-
OKE data. Although the excited-state dynamics of the emitter
are at least partly influenced by solvation from CA dipole
reorientation, additional processes likely arise due to CA
molecules in more crowded environments where incomplete
reorientation and collision-induced contributions dominate the
OHD-OKE signal. Because of these contributions, the
correspondence between the polarization anisotropy correla-
tion function and the solvation time correlation function breaks
down. On the shorter few-ps time scale, there is a reasonable
degree of correspondence between the short 4.3 ps component
in TA and the intermediate 3.2 ps component of CV(t). These
components likely arise due to relatively unhindered CA
rotation in singly occupied pores. Although this similarity
indicates that liquid-like solvation still occurs at 10% doping
concentrations, the contribution of dipolar rotation to solvation
is reduced compared to that in films at 5% doping
concentrations. More constrained, incomplete dipole reorienta-
tion can still stabilize the energy of the emissive state but will
also lead to strong local electric fields that can lead to spectral
shifts of individual molecules. Such inhomogeneous environ-
ments would be reflected in a broadening of site energies as CA
concentration increases,7 as observed in steady-state measure-
ments of the fluorescence spectra of 2PXZ-OXD in PS as a
function of CA concentration (Figure S8).18

The apparent reliance of SSS on the intricate interplay
between nanoscale polymer morphology and dopant concen-
tration in PS suggests that SSS and its saturation could occur
more generally in other different polymer systems. We
therefore assess its potential generality using three morpho-
logical criteria. First, the polymer free volume ratio sets an
upper bound on the dopant concentration prior to saturation of
individual pores by multiple dopants. Second, the average
polymer pore volume within which SSS dopants must be
rotationally mobile limits the dopant molecule size and quantity
that can reside within each pore. A third parameter is the spatial
distribution of SSS dopants and solvated emitters, in particular,
the number of SSS dopants within Coulombically coupled
“solvation shells” surrounding the emitter (Figure S9). We
assembled a list of known free volume ratios and pore radii for a
range of polymers (Table S2 and associated text) to assess to
what extent our findings should generalize to other systems.
Because PS possesses a relatively small average pore radius and
free volume ratio, many other polymer matrices appear
hospitable to mobile SSS “solvent” molecules. We also estimate
the ideal SSS dopant concentration for CA and two other
potential polar dopants (Table S3) for a subset of the polymers
in Table S2. We compute that, given a random distribution of
PS pores, the ideal CA concentration for SSS is 4.5−6 wt %, in
agreement with our measurements. Furthermore, at 6 wt %
concentration of 2PXZ-OXD, we estimate that approximately
17 CA molecules reside within 2 nm of each 2PXZ-OXD
molecule (Figure S9). We anticipate that for polymers with
much higher free volumes, such as those with twisted backbone
configurations that prevent effective packing (e.g., poly-
(trimethylsilyl propyne)), much higher doping ratios can be
achieved prior to saturation, thus maximizing SSS interactions
and the range over which SSS can tune optoelectronic
properties. Given the large range of polymers with similar or
larger free volume ratios and pore radii than PS (Table S2), we
believe that SSS will find applications in a variety of polymer-
based optoelectronic devices. While we focus on amorphous

polymers, the same principles should translate to semicrystal-
line and crystalline materials. For example, the highly
rotationally mobile interstitial organic cations in hybrid
organic−inorganic perovskites can be considered SSS-active
moieties that may respond to changes in free carrier
distribution in the material.8,9

Overall, we have shown that SSS by small-molecule dopants
in amorphous polymer films can be directly observed on its
native time scales using time-resolved spectroscopies that track
both the excited-state dynamics of embedded emitters and the
polarization anisotropy created by rotationally mobile dopants.
We found that, at doping concentrations that optimize the
polymer free volume per dopant molecule, SSS is intrinsically
analogous to liquid-state solvation, and the same models
relating polarization anisotropy and dipolar solvation can be
used to describe its dynamic evolution. The results presented in
this study suggest a strategy to use SSS as a dynamic probe of
microstructure and heterogeneity in molecular materials and to
exploit it to finely tune the energy landscape of optoelectronic
devices using the ample body of knowledge generated from
solution-state studies in the past six decades. It is also
interesting to note that a new paradigm is emerging for solid-
state materials whereby the presence of polar dynamic disorder
can lead to defect-tolerant devices.8,9,17,46−49 Polymer devices
characterized by large static disorder may benefit from the use
of SSS to add a dynamic degree of freedom that could shield
excitons and charge carriers from an inherently large density of
traps. For example, large-amplitude dielectric fluctuations could
effectively flatten the spatioenergetic landscape of the material
to enhance neutral or charged excitation transport in complex
optoelectronic materials. Active, spatially varying optical control
of dopant orientation could even more optimally direct the flow
of these excitations to further manipulate and enhance energy
transport and transduction.

■ EXPERIMENTAL METHODS
Sample preparation procedures and the experimental setup are
described in more detail in the Supporting Information.
All films were prepared in a sealed glovebox with a N2

atmosphere (<2 ppm of H2O, < 10 ppm of O2). Ternary
PS:2PXZ-OXD:CA films for TA were spin-cast from chloro-
form solutions and encapsulated in order to minimize exposure
to air and moisture during measurements. PS:CA films for
OHD-OKE measurements were drop-cast from chloroform
solutions and then thermally annealed in a vacuum oven. The
resulting free-standing films were brittle and optically clear.
OKE traces using 40 fs pulses on nonannealed films reveal the
characteristic C−Cl bending Raman mode (263 cm−1) of
chloroform through a prominent oscillatory feature with a
∼130 fs period;43 however, annealed films did not show any
oscillatory feature, confirming that no residual solvent
contaminates the signal (Figure S10).
Ultrafast spectroscopy is performed using a Ti:sapphire

regenerative amplifier delivering 5W, 5 kHz, 40 fs pulses
centered at 800 nm. For TA spectroscopy, the pump is the
frequency-doubled (400 nm) output, and the probe is a white
light supercontinuum generated in a CaF2 crystal. The pump
and probe are set at magic angle (54.7°) polarization with
respect to each other. The pump energy is 120 nJ/pulse (200
μm diameter). For OHD-OKE, the 800 nm output is split into
pump and probe, which are set at 45° polarization with respect
to each other before being focused to 300 and 200 μm spots,
respectively, in the sample. The probe is then spatially filtered
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and passes through an achromatic quarter waveplate and a
Wollaston prism,50 thus splitting the probe beam into parallel
and perpendicular components, which are simultaneously sent
to a balanced photodetector that suppresses common-mode
noise by up to 40 dB. The difference output from the detector
is sent to a lock-in amplifier referenced to the pump chopping
frequency (2.5 kHz). In order to obtain a higher signal-to-noise
ratio for long-lived anisotropies (>1 ps, i.e., slow orientational
randomization), the pulses are stretched to 0.7 ps fwhm by
tuning the compressor grating in the regenerative amplifier.
When stretched pulses are used, the pump power can be
increased up to 20 μJ/pulse without inducing sample damage.
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