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The design of efficient organic electronic devices, including OLEDs,

OPVs, luminescent solar concentrators, etc., relies on the optimization

of relevant materials, often constituted by an active (functional) dye

embedded in a matrix. Understanding solid state solvation (SSS),

i.e. how the properties of the active dye are affected by the matrix, is

therefore an issue of fundamental and technological relevance. Here an

extensive experimental and theoretical investigation is presented shed-

ding light on this, somewhat controversial, topic. The spectral proper-

ties of the dye at equilibrium, i.e. absorption and Raman spectra, are not

affected by the matrix dynamics. Reliable estimates of the matrix

polarity are then obtained from an analysis of the micro-Raman spectra

of polar dyes. Specifically, to establish a reliable polarity scale, the

spectra of DCM or NR dispersed in amorphous matrices are compared

with the spectra of the same dyes in liquid solvents with known polarity.

On the other hand, steady-state emission spectra obtained in solid

matrices depend in a highly non-trivial way on the matrix polarity and

its dynamics. An extensive experimental and theoretical analysis of the

time-resolved emission spectra of NR in a very large time window

(15 fs–15 ns) allows us to validate this dye as a good probe of the

dielectric dynamics of the surrounding medium. We provide a first

assessment of the relaxation dynamics of two matrices (mCBPCN and

DPEPO) of interest for OLED application, unambiguously demonstrating

that the matrix readjusts for at least 15 ns after the dye photoexcitation.

1 Introduction

Organic electronics relies on molecular functional materials
whose properties are exploited in several devices including

organic LEDs (OLEDs), organic photovoltaics (OPVs), lumines-
cent solar concentrators, photodetectors etc.1,2 Organic-based
devices are low-cost, are composed of abundant elements and
offer an opportunity for easy recycling, while exploiting the
enormous tunability of molecular properties provided by syn-
thetic approaches. The interaction between functional mole-
cules and the local environment, if properly mastered, offers a
powerful tool to optimize the material for a specific application.
Indeed, the unique properties of molecules of interest for
advanced applications – large absorption or emission features
in the visible-near IR regions, large non-linear optical responses,
multistability, charge transport etc. – are related to the presence
of extended p-conjugated backbones which are responsible for the
large (hyper)polarizability of functional molecules, and hence for
their large responsivity to any perturbation due to the local
environment.

Solvatochromism, the solvent dependence of the spectral
properties of a dye, is the easiest demonstration of the respon-
sivity of p-conjugated molecules to the local environment.
Solvatochromism is well understood: the first models date
back to the work of Liptay3 and more recently Reichardt4 and
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New concepts
OPV and OLED efficiency crucially relies on careful optimization of the
active dye in its local surrounding, making solid state solvation a power-
ful, but so far poorly understood and exploited, materials design tool.
We propose an original and easy approach to reliably estimate the static
dielectric properties of an amorphous matrix from the Raman spectra of
dispersed dyes. Unprecedented information on the dielectric dynamics of
mCBPCN and DPEPO matrices, commonly used in OLEDs, is obtained
from the emission spectra of a carefully selected dye in a time window
ranging from B15 fs to B15 ns. The dielectric relaxation, responsible for
a sizable red-shift of the emission, is characterized by matrix-dependent
timescales, extracted via a detailed theoretical analysis. The proposed
approach to static and dynamic dielectric behaviour is easily applicable to
any amorphous material. These results shed new light on the emission
properties of dyes in amorphous matrices, an issue of enormous interest
for OLED production.
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Ratner,5 while the Lippert–Mataga plots,6 relating the absorption
and emission frequencies of a dye to the dielectric properties of
the solvent, are well established tools used to extract useful
information on the permanent dipole moment of polar molecules
in the ground and excited states. Several computational strategies
have been devised to address solvation phenomena that either
rely on a continuum dielectric model7–10 for the solvent or on
atomistic descriptions.11 Both strategies should be considered
with care for the electronic component of solvation,12,13 yet they
offer a reliable approach to polar solvation.

Solid state solvation (SSS) is much less investigated and
understood. Its relevance to OLEDs was recognized early by
Forrest and coworkers who exploited the large dependence of
the emission color of a dye on the polarity of the environment
to tune the color of phosphorescent OLEDs14 and to create
white-OLEDs.15 Green et al.16 exploited SSS in solar light
concentrators, tuning the dielectric properties of the polymeric
matrix with the addition of camphor (a small polar dopant) to
optimize the absorption properties of a dye dispersed in the
matrix and hence the efficiency of the solar concentrator.
Doping organic matrices with camphor,17 ethylene glycols18

or other small molecules19 was also proposed to improve the
efficiency of organic solar cells, with limited success.20 The
importance of matrix effects, and hence of SSS, in the third
generation of OLEDs was recognized early on.21 In these
devices, non-emissive triplet states are harvested via a mecha-
nism called thermally activated delayed fluorescence (TADF)
which relies on a tiny energy gap between the lowest energy
singlet and triplet states and on well-balanced mixing between
charge transfer (CT) and local excited triplet states.22,23 The
delicate TADF mechanism is largely affected by SSS,24–27 indeed
a smart matrix approach has been proposed to optimize the
device performance via concurrent optimization of the dye
inside the matrix.28 Several experimental and theoretical works
were devoted to disentangling the subtle effects of the matrix in
TADF-OLEDs: on one side the dielectric properties of the matrix
are important, but for sure its rigidity plays a role, altering the
conformation of the emitter.29,30

SSS has been discussed so far with reference to fluorescence,
paying very little, if any, attention to environmental effects on
absorption and vibrational spectra. However, when focusing
on fluorescence, a delicate issue must be considered that
makes SSS more complex and difficult to deal with than liquid
solvation. The relevant degrees of freedom of liquid (low-
viscosity) solvents relax in the first few picoseconds after the
solute photoexcitation,27,31,32 so that fluorescence (typically
in the nanosecond timescale) occurs from the solute experien-
cing a fully relaxed environment. In frozen glassy solvents, the
environment is very rigid and its relaxation is fully hindered.33

But in polymeric or in small molecule matrices at room
temperature the situation is much less clear cut. Of course
the molecules cannot freely tumble inside a matrix, however
the matrix is not fully frozen. As discussed in polymeric
matrices,34 polar groups can rotate around C–C bonds and
other groups may librate in timescales that are strongly depen-
dent on the environment.

The dynamical behavior of the matrix is of enormous
relevance to control the physics of actual devices.20,30,35,36

As an example, camphor is often added to matrices to increase
their dielectric constant.16,17,29,37 However, as demonstrated by
a careful analysis,38 the camphor molecules readjust quickly
inside the matrix, with typical relaxation times in the picosend
time window, so that the matrix behaves like a liquid polar
environment. Experimental data on the dielectric response of
small molecule matrices are scarce39 and even less is known
about their dynamical behavior, most results relying on mole-
cular dynamics simulations.35,40

Here we present a combined experimental and theoretical
study of several matrices, typically adopted in OLED fabrica-
tion, addressing their dielectric properties and dynamical
behavior. The approach, relying on donor–acceptor dyes
exploited as microscopic polarity sensors, is easily generalized
to other types of matrices or media, offering a useful charac-
terization tool to exploit SSS towards optimized optoelectronic
devices.

2 Results and discussion
2.1 SSS and steady-state spectra

Polar dyes are good molecular polarity probes, indeed a well-
known polarity scale of liquid solvents relies on their solvato-
chromism.4 Here we exploit two polar dyes, 4-(dicyanomethy-
lene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) and
Nile Red (NR) in Fig. 1, whose photophysics is well under-
stood.41,42 When a polar dye enters a liquid or solid medium,
the medium polarizes in response to the dye dipole moment
(for the sake of simplicity, we limit attention to dipolar terms,
the leading terms in the solute–solvent interaction) generating
a local electric field, dubbed as the reaction field. Two con-
tributions to the reaction field must be considered, a contribu-
tion related to the electronic polarizability of the medium
molecules, and a contribution related to the conformational/
rotational degrees of freedom of the medium. The first con-
tribution is traced back to the medium refractive index at
optical frequencies. Since the refractive index is roughly invar-
iant in different organic media, to a first approximation, its
contribution to the solvatochromism can be disregarded.43

To be more specific, the medium polarizability largely and
non-trivially affects the photophysics of a dye when going from

Fig. 1 The two polar dyes used as polarity sensors in this study and the
chemical structures of the matrices of interest.
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gas phase to an organic medium (the refractive index changing
from 1 to B1.4),26 but the effect is roughly the same in all
common organic media, so that the large variation of spectral
properties in different solvents/matrices can be safely ascribed
to the second contribution. In the liquid phase, the solvent
molecules are free to tumble: in the presence of a polar dye,
they reorient to generate at the solute location a reaction field
FR proportional to the solute dipole moment hm̂i3,4,43:

FR = rhm̂i (1)

where r increases with the solvent polarity. In solid matrices,
the molecular units or the polymeric fragments are not moving
freely, however, during the formation of the matrix, it is likely
that polar molecules and/or polar groups arrange themselves
around a polar dye generating again a reaction field propor-
tional to the dipole moment of the dye. Once again, one expects
that matrices containing polar molecules or polar groups will
generate a sizable reaction field.

We are now in the position to understand the absorption
and Raman spectra of DCM and NR dissolved in solvents of
increasing polarity, from carbon tetrachloride (CCl4) to dimethyl-
sulfoxide (DMSO) and dispersed in matrices of different polarity,
as shown in Fig. 2 and 3. Both dyes have a polar ground state, with
a permanent dipole moment mg smaller than the very large excited
state dipole moment me associated with the CT nature of the
excited state.41 The absorption transition is a vertical process,
occurring while the slow degrees of freedom stay frozen and
FR = rmg. The energy of the excited state is then lowered, due to
the interaction with the environment by �FRme = �rmgme. The
energy of the ground state is also lowered but by a smaller
amount �FRmg = �rmgmg, so that the absorption transition
moves to the red upon increasing the solvent polarity
(as schematically shown in Fig. 4):

�hoabs = �ho0
abs � rmg(me � mg) (2)

where o0
abs is the absorption frequency in non-polar media. The

absorption spectra in Fig. 2 and 3 clearly point to a solvent
polarity that increases from CCl4 to CHCl3 to DMF and DMSO.

The absorption spectra of NR show a larger solvatochromism
than DCM, in line with NR having a larger permament dipole
moment than DCM.41,42 We underline that molecules with a
very small permanent dipole moment mg B 0, like e.g. most of
TADF dyes, show marginal absorption solvatochromism.
Finally, the progressive broadening of the absorption band
with increasing solvent polarity is ascribed to the inhomogen-
ous broadening induced by thermal disorder on the reaction
field.41,43 The narrow absorption bands with partially resolved
vibronic structures seen in non-polar solvents should not be
ascribed to the local excited state: even absorption bands due to
CT transitions stay well resolved in non-polar solvents.41,42,44,45

The comparison between the absorption spectra of the two dyes
in different environments defines a polarity scale for the
matrices: Zeonex is non polar, since the two dyes in Zeonex
have similar spectra as in CCl4, mCP and mCBPCN have similar
polarity as DMSO, while DPEPO is even more polar than DMSO.

Vibrational solvatochromism, recently proposed as a power-
ful tool to monitor the local medium polarity,46 has been
extensively investigated in polar donor–acceptor dyes.47–49

In short, the polarity of donor–acceptor dyes slightly increases
with the medium polarity, and as a result, coupled vibrational
modes move to the red (in the hypothesis of linear electron–
vibration coupling). The non-resonant Raman spectra of DCM
in Fig. 2 are more sensitive to the polarity than those of NR
(Fig. 3), but for both systems, they support the same polarity
scale as absorption spectra. Once again, Zeonex behaves like
CCl4, mCP and mCBPCN have similar polarity, being slightly
less polar than DMSO, and DPEPO is as polar as or possibly
slightly more polar than DMSO. We underline that, much like
absorption, the Raman bands also broaden in polar media.49

The consistency of the information obtained from the
Raman and absorption spectra makes us confident that both
approaches offer reliable polarity estimates. Raman definitely is
the best choice: even if it requires slightly larger dye concentra-
tions, being a microscopic technique, it allows us to control the
sample homogeneity and aggregation phenomena. Collecting
absorption spectra from films is instead tricky. Indeed we

Fig. 2 DCM steady-state spectra. Top panels show spectra collected in
liquid solvents; bottom panels show spectra collected in matrices. From
left to right we show Raman spectra (complete spectra are reported in the
ESI,† Fig. S2), absorption and fluorescence spectra. Absorption spectra in
matrices are measured as fluorescence excitation spectra. The vertical
dashed lines show, as a guide for the eye, the positions of the band maxima
measured in CCl4 and DMSO.

Fig. 3 NR steady-state spectra. Top panels show spectra collected in
liquid solvents; bottom panels show spectra collected in matrices. From
left to right we show Raman spectra (complete spectra are reported in the
ESI,† Fig. S3), absorption and fluorescence spectra. Absorption spectra in
matrices are measured as fluorescence excitation spectra. The vertical
dashed lines show, as a guide for the eye, the positions of the band maxima
measured in CCl4 and DMSO.
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collected excitation spectra, but, as discussed in detail in
Section 1.1 of the ESI,† extreme care has to be taken to work
with very tiny dye concentrations and/or very thin films in order
to minimize autoabsorption phenomena.

Understanding matrix effects on fluorescence spectra is
delicate and deserves attention. Upon excitation to the CT
state, the permanent dipole moment of the dyes of interest
considerably increases. In liquid solvents, just a few pico-
seconds are needed for the solvent molecules to rearrange in
response to the new molecular polarity. Steady-state fluores-
cence, typically in the nanosecond timescale, therefore occurs
from a state where the excited dye is experiencing a reaction
electric field FR = rme. Along the same line that leads us to
eqn (2), we can estimate the progressive red shift of the
fluorescence band with the solvent polarity as (cf. Fig. 4):

�hofluo = �ho0
fluo � rme(me � mg) (3)

where o0
fluo is the fluorescence frequency in non-polar media.

Since our dyes have me 4 mg, the solvatochromism is more
pronounced in emission than in absorption. But again, for
liquid solvents, the expected polarity scale is recovered, with
the polarity increasing from CCl4 to CHCl3, DMF and DMSO.

However, if we look at the fluorescence spectra collected in
solid matrices (cf. bottom panels of Fig. 2 and 3), we get a
surprise: Zeonex, a non-polar matrix, behaves like CCl4, as
expected, but the other matrices look much less polar than
they are in absorption. As the most striking example, Raman
and absorption spectra suggest that DPEPO is as polar as or
possibly slightly more polar than DMSO; but in emission
DPEPO looks much less polar than DMSO. This is a clear
indication that the matrix cannot fully readjust in response to
the dye photoexcitation in the time-window of relevance to
fluorescence. On the other hand, in the same timescale, the
matrix is not fully rigid, as demonstrated by the sizable Stokes

shifts observed in polar matrices. To understand SSS in fluores-
cence spectra, a time-resolved analysis is in order.

2.2 Fluorescence solvatochromism: a time-resolved study

Fig. 5 shows time resolved emission spectra (TRES) collected in
the 1–15 nanosecond timescale (time correlated single photon
counting, TCSPC, technique, see Section 3.4) for DCM and NR
dispersed in Zeonex (Fig. S4, ESI† shows results for other
matrices). In this non-polar (or very weakly polar) matrix, we
do not expect any spectral evolution driven by the solvent
rearrangement. Indeed the TRES of NR in Zeonex show a
negligible time-dependence. The situation is completely differ-
ent for DCM, whose emission spectra redshift by B50 nm in
the analyzed time-window. DCM has a flexible molecular
structure and, at variance with NR, it is expected to undergo a
geometrical relaxation that, inside the matrix, apparently
occurs in the nanosecond timescale. Since we are interested
in the characterization of the matrix dynamics, we discard DCM
for the subsequent study. DCM is a good and reliable polarity
probe as long as we are interested in the equilibrium polarity of
the matrix, as tested by absorption and Raman spectra, but its
flexibility makes it an unreliable probe for the dielectric
dynamics of the matrix. To study the matrix relaxation we then
exploit NR, a solvatochromic dye with a fairly rigid structure.

To better characterize the behavior of the matrices, we
measured pump–probe spectra of NR dissolved in CHCl3 and
DMF solvents and in the non-polar Zeonex matrix and two polar
mCBPCN and DPEPO matrices. Specifically, Fig. 6 shows (with
a positive sign) the stimulated emission signal (additional data
in the ESI,† Section 2.2). Pump–probe spectra, acquired with
the US-pp setup (see Section 3.5), exploit a broad-band pump
pulse and a broad-band probe pulse. As a result of the short
pulses adopted, coherent oscillations are observed at early times,
superimposed to the transient absorption signal (Fig. 6, upper
panels) due to NR molecular vibrations. The time evolution of NR
emission measured in amorphous matrices is strikingly different
than in liquid solvents. In liquid solvents, the dynamics of the
system is completed in B10–15 ps for CHCl3 solutions and B1 ps
for DMF solutions, in line with relevant solvent longitudinal
relaxation times 2.8 and 0.91 ps, respectively.32 In the two
matrices instead, a progressive red-shift is seen that is not

Fig. 5 Time resolved emission spectra of DCM and NR in Zeonex. Time
units: ns. Data for other matrices are shown in Fig. S4 (ESI†).

Fig. 4 A sketch of polar solvation effects on transition energies. The
concept is the same for absorption and steady-state fluorescence spectra
(o0 represents either the absorption or fluorescence energy of the dye in a
non-polar environment): the energy of the excited and of the ground state
is lowered by an amount FRme and FRmg, respectively so that the transition
energy is lowered by FR(me � mg). For absorption processes, Fr = rmg, in
either liquid or solid matrices. As for steady-state fluorescence, in liquid
solvents Fr = rme, with the same solvent-specific r value as in absorption. In
solid matrices the picture for steady-state fluorescence is more complex,
as discussed in the text.

Communication Materials Horizons

Pu
bl

is
he

d 
on

 2
1 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 C
O

N
SI

G
L

IO
 N

A
Z

IO
N

A
L

E
 D

E
L

L
E

 o
n 

8/
20

/2
02

3 
10

:2
3:

02
 A

M
. 

View Article Online

https://doi.org/10.1039/d3mh00988b


This journal is © The Royal Society of Chemistry 2023 Mater. Horiz.

completed in the accessible time window (220 ps for mCBPCN
and 1.5 ns for DPEPO in Fig. 6).

Fig. 7 summarizes the information from time-resolved mea-
surements in the whole accessible spectral window. Specifi-
cally, in the upper panel we show for NR in mCBPCN the
temporal evolution of the maximum of the NR stimulated

emission band measured by pump–probe (US-pp, see Section
3.5) as well as the maximum of NR fluorescence spectra
(TCSPC, see Section 3.4). In the lower panel the same informa-
tion is reported for NR in DPEPO, together with pump–probe
data obtained with the LR-pp setup (see Section 3.5). A very
clear evolution of the maximum of the fluorescence band is
seen that for both matrices extends up to the longest time
accessible, B15 ns. Indeed, the emission signal from NR
(intrinsic lifetime B4 ns) is too weak to be collected at longer
times. To the best of our knowledge, reliable polarity sensors
with distinctively longer lifetimes are not available. Phosphor-
escence signals live longer, but phosphorescence solvatochro-
mism is poorly understood, and the simulation of the spectra is
hindered by the weak emission signals. TADF dyes are solvato-
chromic and could allow us to follow fluorescence up to the
ms window. However, TADF dyes typically undergo important
conformational rearrangements upon photoexcitation44,50 and/
or are prone to conformational disorder,29,30 so that disentan-
gling the spectral shifts genuinely due to the dielectric relaxa-
tion from those due to the conformational degrees of freedom
is hardly possible.

To further confirm that the spectral diffusion observed in
the 0.1 ps–15 ns interval in Fig. 7 is due to the relaxation of the
matrix around the photoexcited dye, we have repeated the
pump–probe experiment for NR in mCBPCN and DPEPO
matrices at 77 K. At this temperature, the matrix relaxation is
hindered and, as shown in Fig. S10 (ESI†), the spectral diffu-
sion is virtually absent. We underline that our experimental
results, definitely proving a rearrangement of the matrices that
extends well into the ns timescale, contrast sharply with recent
results from molecular dynamics simulation, where the matrix
relaxation is observed in the ps timescale.35

2.3 Modeling NR in liquid solvents

The low energy photophysics of DCM and NR is well described
in terms of an essential state model (ESM) that only accounts
for two electronic states, corresponding to the neutral and
zwitterionic molecular structures, coupled to a single effective
vibration. The model was validated against steady-state linear
and non-linear optical spectra of several donor–acceptor dyes
and their aggregates.41,42,47,51,52 For the sake of clarity, the
model is summarized in the ESI,† here we underline that the
steady-state absorption and fluorescence spectra of each dye
and their evolution with the solvent polarity can be reproduced
with good accuracy in terms of 4 molecular parameters,
reported in Table 1, plus the solvent relaxation energy, a
parameter that increases with the solvent polarity. Simulated
steady-state absorption, fluorescence and vibrational spectra of
NR (Fig. 8) compare well with the experiment (Fig. 3), confirm-
ing the reliability of the model and of its parametrization
(simulated steady-state spectra of DCM are shown in Fig. S11,
ESI†). Indeed the model captures well the complex evolution
with the solvent polarity of the frequencies and band shapes of
the absorption, fluorescence and vibrational spectra, only
adjusting the solvent relaxation energy. Simulated vibrational
spectra only account for a single vibrational mode, yet we can

Fig. 6 Stimulated emission signal (positive sign) measured with the US-pp
(see Section 3.5) pump–probe set up for NR in liquid solvents (top) and in
matrices (bottom).

Fig. 7 Time evolution of the maximum of NR emission spectrum: bluish
dots refer to experimental data collected with different techniques (as per
the legend), and the orange line shows simulated results (molecular
parameters in Table 1, matrix relaxation time, as discussed in the text).
For better comparison, simulated spectra are red shifted by 2.5 nm for
DPEPO (bottom panel) and by 6 nm for mCBP-CN (top panel).
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simulate the progressive red-shift and broadening of the vibra-
tional band upon increasing the solvent polarity.

The time evolution of emission spectra is related to the
concurrent relaxation of the photoexcited molecule and sur-
rounding solvent. To address this complex phenomenon we
exploit a strategy originally proposed to address energy transfer
in solution.53 Specifically, to account for the relaxation of the
photoexcited dye we couple the vibrational coordinate of the
dye to a thermal bath of harmonic oscillators.54,55 As discussed
in the ESI,† we adopt the Redfield approach and assume a
constant spectral density for the bath degrees of freedom, so
that a single parameter g enters the definition of the molecular
relaxation process, that we set to g = 5 ps�1. Finally, the
relaxation of the solvent, that enters the model as a classical
overdamped coordinate, is described by the Smoluchowsky
equation.53,56 The only parameter needed to describe the
solvent relaxation is the longitudinal relaxation time, tl whose
value is taken from the literature (see the ESI† for additional
details).32

The color maps in the top panels of Fig. 9 show the time-
resolved emission spectra calculated for NR dissolved in CHCl3

and DMF. The agreement with experiment (Fig. 6) is impressive,

the main discrepancy being observed in the very early time.
Indeed within the first few hundredths of fs the calculated spectra
show very clear signatures related to coherent vibrational oscilla-
tions. These features are much less prominent in the experi-
mental spectra. This minor discrepancy is traced back to the main
approximation of the molecular model that accounts for a single
effective vibrational mode coupled to the electronic degrees of
freedom. In the actual molecule, several vibrations with different
frequencies are coupled to the electronic system, somewhat
suppressing the signal due to coherent oscillations.

2.4 Modeling NR in amorphous matrices

The same model adopted to simulate steady-state NR and DCM
spectra in solution also works for the absorption and vibra-
tional spectra in the matrices, as shown in Fig. 8 for NR and in
the ESI† for DCM. We notice that the spectra in solution and in
matrices are calculated maintaining constant all molecular
model parameters and adjusting the medium relaxation energy
eor. For liquid solvents, the same eor applies to Raman, absorp-
tion and steady-state fluorescence spectra. On the other hand,
in matrices, if we use the same eor as extracted from the
absorption and Raman spectra to calculate the steady-state
fluorescence spectra, we obtain far too large red shifts. Indeed,
in matrices the environmental relaxation is hindered, so that
the solvent cannot fully relax before emission takes place.
Following a recently proposed approach,30 steady-state fluores-
cence spectra can be simulated partitioning the solvent relaxa-
tion energy (the one adopted to calculate vibrational and
absorption spectra) into a dynamical component, edyn

or , that
describes the degrees of freedom that relax before emission
takes place (say 1 ns or so) and a static component, est

or, that

Table 1 Molecular model parameters in eV for Nile Red and DCM. 2z0

measures the energy difference between the zwitterionic and neutral
states, t is the matrix elements that mixes the two states, and ev and ov

are the vibrational relaxation energy and the vibrational frequency, respec-
tively (see the ESI for more details)

z0 t ev h�ov

Nile Red 0.88 0.95 0.33 0.14
DCM 1.14 0.88 0.456 0.172

Fig. 8 NR calculated steady-state spectra. The top panels show simulated
spectra in liquid solvents. The molecular parameters are listed in Table 1,
and the solvent relaxation energies are set for all simulations to eor = 0.13,
0.47, 0.62, 0.68 eV for CCl4, CHCl3, DMF and DMSO, respectively. The
bottom panels show the simulated spectra in matrices. Raman and
absorption spectra are simulated setting the (total) solvent relaxation
energy to eor = 0.08, 0.50, 0.56, 0.79 eV for Zeonex, mCP, mCBPCN and
DPEPO, respectively. For the fluorescence spectra the relaxation energy is
partitioned for each matrix into a static component set to est

or = 0.0, 0.10,
0.28, 0.40 eV for Zeonex, mCP, mCBPCN and DPEPO, respectively and a
dynamical component set, for the same matrices, to edyn

or = 0.08, 0.4, 0.28,
0.39 eV. Of course the sum of the two components amounts to the total
relaxation energy used for the absorption and Raman spectra. From left to
right we show Raman, absorption and fluorescence spectra.

Fig. 9 Simulated time-resolved emission spectra of NR in different envir-
onments. Molecular parameters are listed in Table 1. The top panels refer
to liquid solvents, CHCl3 and DMF, whose longitudinal relaxation times are
set to the literature values, tl = 2.8 and 0.91 ps, respectively. The bottom
panels refer to mCBPCN and DPEPO matrices. As discussed in the text, a
time-dependent relaxation time is introduced to simulate the matrix
dynamics.
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relaxes on much longer timescales, if ever. This partitioning is
somewhat rough, but leads to a simple and effective approach
to steady-state fluorescence, as shown in Fig. 8 for NR and in
Fig. S11 (ESI†) for DCM.

Our model for time-resolved emission spectra (see the ESI†)
can be extended to account for the interaction with the two
separate, static and dynamic, components of the reaction field,
as generated by the degrees of freedom responsible for the
static and dynamic relaxation energy, respectively. But, at vari-
ance with liquid solvents, relaxation times for solid matrices
are not known: as a matter of fact, our analysis will offer the
first reliable information about the relaxation dynamics of the
matrices in the 150 fs–15 ns time window. The crude model
adopted to describe steady-state emission in solid matrices via
the partitioning of the relaxation energy into a static and a
dynamic component is however too rough to address the
complex relaxation phenomena that governs time-resolved
emission. Therefore, to simulate the time-resolved emission
spectra of NR in mCBPCN and DPEPO we adopt the same
model as for liquid solvents (see the ESI†), but introduce a
time-dependent relaxation time, to account for the different
timescales associated to the different degrees of freedom of the
solid matrices.34 Specifically, we set tl = a + b(1 � e�ct) where a,
b and c are adjustable parameters. This function describes an
initial relaxation time a that increases in time (with a velocity
governed by c) up to the a + b value, representing an environ-
ment that, in response to the stimulus related to the molecular
excitation, moves initially with velocity 1/a, and progressively
slows down to 1/(a + b). The best fit to experimental data are
obtained setting a = 20 ps, b = 5 ns and c = 0.001 ps�1 for
mCBPCN and a = 100 ps, b = 14.9 ns and c = 0.0007 ps�1 for
DPEPO. An additional adjustment is needed for the mCBPCN
matrix, where an initial very fast (o1 ps) relaxation, can only be
simulated accounting for an early stage very fast relaxation: for
the first 300 fs we consider a relaxation time of 500 fs, which is
then switched off. The simulated time-resolved emission spectra
in Fig. 9 (cf. Fig. 6) compare very well with experimental data,
demonstrating that the model is robust and yields reliable
information about the dielectric dynamics of amorphous
matrices. Similarly, the results in Fig. 7 show an impressive
agreement between the experimental and simulated evolution
of the emission maxima in the whole accessible time window,
150 fs–15 ns. We notice again that a major discrepancy is observed
in the subpicosecond window, where our molecular model,
accounting for a single coupled vibrational mode, amplifies
coherent oscillations. It is interesting to observe that in mCBPCN
some very fast (o1 ps) relaxation occurs, which is most probably
related to the vibrational relaxation of CN groups. In any case, even
after this early relaxation, our results suggest that, in the accessible
time-window, DPEPO is much more sluggish than mCBPCN.

2.5 Discussion

A joint experimental and theoretical study is presented that
validates a reliable and effective approach to address the
intricate topic of SSS, encompassing a wide range of spectral
properties. The most important lesson to be learnt is that, when

discussing the dielectric behavior of a medium, the relevant
timescale must be specified. Indeed, when looking at static
properties (relevant to Raman and absorption spectra), DPEPO
is as polar as, or possibly slightly more polar than, DMSO.
However, looking at the steady-state fluorescence of NR or
DCM, in the timescale of a few nanoseconds, the same matrix
looks much less polar.

To rationalize this behavior, we must understand how the
environment reacts to the presence of a polar dye. The electro-
nic degrees of freedom of the environment, associated to the
medium polarizability, are related to the medium refractive
index at optical frequencies.12,43 Relevant degrees of freedom,
typically in the UV region, instantaneously readjust during the
excitation of the dye. They are responsible for large effects on
the molecular spectral properties when going from the gas
phase to an organic medium. However, the marginal variability
of the refractive index in common organic media, makes it very
difficult to appreciate the role of the environmental electronic
polarizability when comparing spectra collected in condensed
phases. In other terms, when discussing solvatochromism, i.e. the
variation of spectral properties of a dye in different environments,
the most relevant effect is due to the rearrangement of polar
molecules or polar groups around a polar solute. These ‘‘orienta-
tional’’ or ‘‘polar’’ degrees of freedom are much slower than the
degrees of freedom of the dye, in the visible or IR regions, so that,
during the electronic or vibrational excitation of the dye, they are
essentially frozen in the configuration equilibrated to the charge
distribution of the dye in the ground state.

To measure the static polarity of the environment, polar
dyes, like DCM or NR, are good microscopic polarity probes:
comparing their absorption or vibrational spectra with those
measured in liquid solvents of different polarity, offers a
reliable polarity scale. In this perspective, we suggest here a
novel and very effective approach relying on Raman spectra.
Indeed, getting reliable absorption spectra in matrices is a
delicate issue, due to scattering problems, to the tiny absor-
bance of thin films of diluted samples, and to aggregation
phenomena in more concentrated samples. Raman, as a micro-
scopic technique, does not suffer from these problems, and, as
an additional bonus, it allows us to check for the matrix
homogeneity. We notice that vibrational solvatochromism
relies on a subtle effect, often disregarded: the polarizability
of the molecular dyes.47,48 Indeed, upon increasing the solvent
polarity, the charge distribution on the dye changes, towards an
increased dipole moment. Vibrational frequencies are of course
extremely responsive even to small variations of the charge
distribution in the molecule, explaining the observed vibra-
tional solvatochromism. If, as in our model, one only accounts
for linear electron–vibration coupling, a red-shift of vibrational
frequencies of coupled modes and a broadening of corres-
ponding spectral features is expected, in line with the experi-
mental observation.47,48

After photoexcitation of a solvatochromic dye (i.e. of a dye
whose dipole moment changes considerably after excitation),
the orientational degrees of freedom of the medium, equili-
brated to the ground state charge distribution of the dye, start
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to reorganize to respond to the large variation of the charge
distribution in the photoexcited dye. Of course, the dynamics of
this rearrangement is very different in media of a different
nature. In non-viscous liquid solvents, the solvent equilibrates
in a few picoseconds,32 and steady-state fluorescence occurs
from a dye surrounded by the solvent equilibrated to the
excited state charge distribution.56,57 This relaxation is respon-
sible for the large Stokes shifts observed for polar molecules in
polar solvents. In glassy solvents at cryogenic temperatures, the
solvent relaxation is hindered, leading to virtually infinite
relaxation times, and the Stokes shifts due to polar solvation
vanish, even in highly polar solvents.33

The situation is more delicate in solid matrices and SSS,
typically discussed with reference to fluorescence spectra,14–16

and requires a detailed understanding of the dielectric relaxa-
tion of the matrix. A careful analysis of the steady-state and
time-resolved spectra of two dyes in liquid solvents and amor-
phous matrices drove us to select NR as a reliable probe for the
dielectric relaxation. At variance with DCM, NR is a rigid dye,
whose geometry is marginally affected by photoexcitation. Time
resolved spectra, collected in both liquid solvents and solid
matrices in a very wide time-window, from 15 fs to 15 ns, give us
enough information to build and validate a reliable model for
the dielectric dynamics in amorphous matrices.

3 Experimental section
3.1 Materials

The two dyes, DCM (4-(dicyanomethylene)-2-methyl-6-(4-dimethyl-
aminostyryl)-4H-pyran) and NR, and the four hosts, Zeonex, mCP
(1,3-bis(N-carbazolyl)benzene), mCBPCN (3,30-di(carbazol-9-yl)-5-
cyano-1,10-biphenyl) and DPEPO (bis[2-(diphenylphosphino)phe-
nyl]ether oxide), were obtained from commercial suppliers and
used as received. Spectrophotometric grade solvents were used
without further purification.

3.2 Sample preparation

Solutions. Raman spectra require fairly large dye concentra-
tions to increase the relative intensity of the dye vs. the host
signal and to improve the signal to noise ratio. The concen-
tration of solutions used for Raman measurements were 2 �
10�3 M in DMSO, 1 � 10�3 in CHCl3 and close to saturation in
CCl4 (B5 � 10�4 M for NR and B2.5 � 10�4 M for DCM). For
absorption and fluorescence spectroscopy, solutions with an
optical density lower than 0.1 were prepared, corresponding to
concentrations B10�6 M.

Matrices. Thin films of dye in hosts with different loadings
(1%, 0.1% or 0.01% by weight) were prepared either by drop-
casting or spin coating. For drop-cast films, 0.1–0.5 mL of
solution containing the dye and the host in the required
proportion were deposited on a clean quartz substrate and
allowed to dry overnight under ambient conditions. Solvents
were chosen according to their volatility and to the solubility of
the host: films with Zeonex and mCBPCN were drop-cast either
from toluene or chloroform, while films with mCP and DPEPO

were drop-cast from dichloromethane and chloroform, respec-
tively. Spin-coated films with Zeonex, mCBPCN and DPEPO
were prepared from chloroform solution, at a speed of either
1000 rpm or 2200 rpm for 60 s, while mCP films were spin-
coated from dichloromethane solution at 1700 rpm for 60 s.

3.3 Raman measurements

Raman spectra were recorded on a Horiba LabRAM HR Evolu-
tion Raman microspectrometer equipped with a 785 nm laser.
This excitation wavelength compromises between reduced
fluorescence background and improved Raman signal. The
measurements were performed without moving the grating
after instrument calibration to improve wavenumber accuracy.
The spectra of the dyes in the different media were obtained by
subtracting the spectra of the pure solvents or hosts from the
spectra of the solutions or the thin films, recorded under the
same conditions. When needed, the fluorescence background
was fitted with a polynomial function and subtracted.

Solutions were placed in quartz cells with a 1 cm path
length, using a 10� magnification objective and focusing the
laser beam 3 mm below the cell surface. For films, a 100�
magnification objective was used. The independence of the
spectra on dye concentration was checked both in solution and
thin films to exclude aggregation effects.

3.4 Absorption, fluorescence spectra and TRES

Absorption spectra were collected with a PerkinElmer Lambda
650 double-beam spectrophotometer. Fluorescence measure-
ments were performed with a FLS1000 Edinburgh Instruments
fluorometer equipped with a Xe lamp as the excitation source
for steady-state measurements and with an EPL-405 (Edinburgh
Instruments) picosecond pulsed laser diode (wavelength:
405 nm) for time-resolved measurements. Time-resolved emis-
sion spectra (TRES) were recorded with the time-correlated
single-photon counting (TCSPC) technique, using the same
experimental setup. The temporal evolution of TRES was ana-
lyzed using a global analysis approach (see the ESI†).

3.5 Pump–probe experiments

Pump–probe measurements have been performed on two
experimental setups with different time resolutions and different
maximum delay times; they will be labeled as ‘‘Long Range
pump–probe’’ (LR-pp) and ‘‘Ultrashort pump–probe’’ (US-pp).
The output of a Coherent Legend Elite USP regen amplifier
(1 KHz, 800 nm, 40 fs, 3.5 mJ) is redistributed with the help of
a series of broadband beam-splitters using the following scheme.

850 mJ of the 800 nm source are used for the LR-pp setup.
The main beam, after passing through a fused-silica wedge
plate, is used to pump an Optical Parametric Amplifier (TOPAS,
LightConversion) to generate signal (1200–1600 nm) and idler
(1600–2300 nm) pulses. The signal pulse is then combined with
the residual 800 nm pulse in a BBO sum frequency generation
crystal to produce the pump pulses (0.5–4 mJ) tunable in the
480–525 nm spectral range. The reflection coming from the
wedge plate is sent to a computer controllable delay line
and then focused on a 2 mm CaF2 Window to generate
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supercontinuum (spectral range 350–750 nm). Superconti-
nuum is further split into two pulses, using a 50% beam-
splitter, to generate probe and reference pulses. The probe
and reference are then focused and spatially overlapped with
the pump pulse on the sample, thanks to a 100 EFL spherical
mirror. The delay time between the pump and probe is con-
tinuously adjusted, using the optical delay line mentioned
before (bidirectional position reproducibility better than
25 fs, while the maximum available delay time is 1.5 ns). The
optical path of the reference is constructed in such a way that it
is always the first pulse interacting with the sample, always
before the pump and probe. The probe and reference are then
focused on the entrance of a spectrograph (Jobin-Yvon CP140)
and dispersed on two separate arrays (256 pxs, Hamamatsu).
Pump pulses are alternatively blocked/unblocked before the
sample by an optical chopper (Thorlabs, frequency repetition
rate B70 Hz). The transient absorption spectrum is finally
obtained as: DAbs(l,t) = �log((Ion

probe/Ion
ref) � (Ioff

ref/I
off
probe)).

For the (US-pp) setup we use 450 mJ of the 800 nm source.
For Ultrashort pump–probe (US-pp) measurements, a modified
version of the setup for two-dimensional visible spectroscopy
described in ref. 58, is used. Briefly, ultrafast pulses coming
from the Coherent Legend Elite USP are sent to two Non-
Collinear Optical Parametric Amplifiers (NOPAs) that generate
chirped pulses (max output 2 mJ energy per pulse) tunable
between 500 and 780 nm with an asymmetric shape and full
width at half maximum B80–90 nm (NOPA-a) and 110–120 nm
(NOPA-b). The pulses are then compressed by a couple of
chirped mirrors (DCM10 Venteon): after a total of 9 bounces
the dispersion introduced by the optics is very well compensated
at the sample region, in such a way that the duration retrieved by
PG-FROG analysis is around 12 fs. The output of NOPA-b is then
split in two pulses, by a 50% beam-splitter, to generate the probe
and reference pulses. The output of NOPA-a is used as the pump
pulse, while the output of NOPA-b is used as a probe. After
dispersion compensation, pump pulses follow the scheme
described in ref. 58 to generate two collinear pump pulses for
2D spectroscopy. Blocking one of the two pulses, it is possible to
acquire pump–probe spectra. The pump pulse is sent to an optical
delay line (Physik-Instrumente, bidirectional reproducibility better
that 5 femtoseconds and maximum delay B250 picoseconds) to
control the delay vs the probe pulses. Pump, probe and reference
beams are focused on the sample using a spherical mirror with
250 mm EFL, but only the pump and probe are spatially over-
lapped on the sample. After the sample, the pump is blocked by a
beam-stopper while the probe and reference are focused on the
entrance of a spectrograph (Jobin-Yvon CP140) and dispersed on
two separate arrays (256 pxs, Hamamatsu). The probe and refer-
ence intensities are acquired and the transient absorption spectra
are finally calculated as described before.

4 Conclusions

Understanding how optical properties of an organic dye are
affected when the dye is dispersed in a matrix is crucial for the

optimization of materials for OPVs, OLEDs, organic solar concen-
trators and the like. However, while solvatochromism, i.e. the
dependence of optical spectra of organic dyes on the local environ-
ment, is well recognized in low viscosity solvents, SSS is still far less
understood. Here we present an extensive experimental and
theoretical study of SSS that exploits two commercial solvatochro-
mic dyes to characterize the static and dynamic dielectric response
of several amorphous matrices of interest for OLED applications.
The most important result is that in SSS one has to be careful to
distinguish between the dielectric properties that define the
spectral responses of the dye at equilibrium, i.e. absorption and
Raman spectra, and those related to emission spectra, occurring
from an out of equilibrium state. In the first case, the dynamical
behavior of the matrix is irrelevant, while for emission spectra, the
dielectric dynamics of the matrix is of paramount importance. We
mention that in liquid solvents the dielectric relaxation is com-
pleted in a few picoseconds, so that steady-state emission occurs
from the fully relaxed system and the study of solvent relaxation
requires ultrafast spectroscopic measurement.

We propose a simple and reliable approach to estimate the
matrix dielectric properties relevant to equilibrium spectral
responses exploiting vibrational solvatochromism. Micro-Raman
measurements on DCM and NR dyes dispersed in solid matrices
can be compared with the corresponding spectra collected in
solvents with known polarity to define a polarity scale. We demon-
strated that the non-polar Zeonex matrix has similar Raman spectra
as CCl4, mCP and mCBPCN have similar polarity to DMSO and
DPEPO is slightly more polar. The frequency of the steady-state
fluorescence spectra instead depends in an intricate way on the
matrix polarity and on its dynamics. Good molecular probes of
local polarity for dynamical studies must be selected as solvato-
chromic dyes with a rigid structure, so that the relaxation of the
molecular conformational degrees of freedom does not interfere
with the matrix dynamics. We selected for this aim NR and
recorded its time-resolved emission spectra in a wide time window,
ranging from 15 fs to 15 ns, comparing the results in liquid
solvents and matrices. A detailed microscopic model is first para-
metrized and validated against steady-state spectra. The same
model is extended to address time-resolved emission in a liquid
solvent, where literature data about solvent relaxation time allow us
to validate our approach to time-resolved emission spectra without
the need for additional fitting parameters. On this solid basis, the
simulation of time-resolved spectra of NR in two polar matrices
gives the first reliable estimate of relevant relaxation times. Indeed,
a single relaxation time is not enough to describe the matrix
relaxation, and a time-dependent relaxation time must be intro-
duced. In any case, our results point to a sluggish relaxation of
DPEPO if compared with mCBPCN. Our data, supported by a
detailed theoretical model, definitely demonstrate that the dielec-
tric relaxation in polar amorphous matrices is not fully frozen and
definitely occurs on timescales that extend beyond 10 ns.

Author contributions

Bardi and Sissa: sample preparation and data acquisition;
Giavazzi, Di Maiolo, and Phan Huu: theoretical analysis; Ferrari

Materials Horizons Communication

Pu
bl

is
he

d 
on

 2
1 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 C
O

N
SI

G
L

IO
 N

A
Z

IO
N

A
L

E
 D

E
L

L
E

 o
n 

8/
20

/2
02

3 
10

:2
3:

02
 A

M
. 

View Article Online

https://doi.org/10.1039/d3mh00988b


Mater. Horiz. This journal is © The Royal Society of Chemistry 2023

and Masino: Raman experiments; Lapini, Di Donato, and Iagatti:
pump–probe experiments; Painelli: conceptualization. All: metho-
dology, writing and review.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Work in Parma was funded by the PNRR MUR project ECS-
00000033-ECOSISTER and benefited from the local HPC center
and from the equipment and framework of the COMP-HUB and
COMP-R Initiatives, funded by the ‘Departments of Excellence
program of the Italian Ministry for University and Research’
(MIUR, 2018–2022 and MUR, 2023–2027). Work in Florence was
supported by the EU Horizon 2020 research and innovation
program under grant agreement 871124 Laserlab-Europe.
F. D. M.’s position was co-funded by the European Union –
PON Research and Innovation 2014–2020. A. L. acknowledges
support from the Fondazione Cassa di Risparmio di Torino
(CRT), Visco3DCell project and from the University of Parma,
MUR-DM737-2022-FIL-PROGETTI-A-LAPINI project.

Notes and references

1 O. Ostroverkhova, Chem. Rev., 2016, 116, 13279–13412.
2 F. Biscarini, E. Coronado, A. Painelli and M. Yamashita,

J. Mater. Chem. C, 2021, 9, 10521–10523.
3 W. Liptay, Angew. Chem., Int. Ed. Engl., 1969, 8, 177–188.
4 C. Reichardt, Chem. Rev., 1994, 94, 2319–2358.
5 S. Di Bella, T. J. Marks and M. A. Ratner, J. Am. Chem. Soc.,

1994, 116, 4440–4445.
6 J. R. Lakowicz, Principles of Fluorescence Spectroscopy,

Springer, US, 1999, p. 698.
7 J. Tomasi, B. Mennucci and R. Cammi, Chem. Rev., 2005,

105, 2999–3094.
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