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Abstract: We demonstrate how the temperature dependence of perylene’s fluorescence emission spectrum doped
in bulk polymer matrices is sensitive to the local glass transition dynamics of the surrounding polymer segments.
Focusing on the first fluorescence peak, we show that the intensity ratio Iratio(T) = Ipeak(T)/Isrr between the first
peak and a self referencing region (SRR) has a temperature dependence resulting from the temperature-dependent
nonradiative decay pathway of the excited perylene dye that is influenced by its intermolecular collisions with the
surrounding polymers segments. For different polymer matrices, poly(methyl methacrylate) (PMMA), polystyrene
(PS), poly(2-vinyl pyridine) (P2VP), and polycarbonate (PC), we demonstrate that Iratio(7") exhibits a transition
from a non-Arrhenius behavior above the glass transition temperature T, of the polymer to an Arrhenius temperature
dependence with constant activation energy I below the T of the polymer matrix, indicating perylene’s sensitivity
to cooperative a-relaxation dynamics of the polymer matrix. This transition in temperature dependence allows us
to identify a perylene defined local Tgpe”’le’ﬂe of the surrounding polymer matrix that agrees well with the known T

TRatio (1)
Iratio(Tret)

the Williams-Landel-Ferry (WLF) equation and use literature WLF parameters for the polymer matrix to quantify
the calibration factor cy needed to convert the fluorescence intensity ratio to the effective time scale ratio described
by the conventional WLF shift factor. This work opens up a new characterization method that could be used to
map the local dynamical response of the glass transition in nanoscale polymer materials using appropriate covalent
attachment of perylene to polymer chains.

values of the polymers. We define a fluorescence intensity shift factor cs log( ) = log(ar) in analogy with

1. Introduction polymer dynamics within nanostructured materials.

Fluorescent probes have been frequently used to char-
acterize material changes within the local environment of
the probe based on a dye’s intrinsic sensitivity to param-
eters such as temperature, viscosity, polarity, and pres-
sure.® A well-known example is pyrene, which has been
widely used as an indicator of local polarity in solutions
via what is referred to as the Py-scale, characterizing the
intensity ratio between the first and third vibronic bands
of the fluorescence emission spectrum of pyrene.®® In
polymers, pyrene’s sensitivity to local polarity, stiffness,

Nanostructured multi-component materials such as
polymer nanocomposites and nanostructured polymer
blends, as well as nanoconfined thin films have mate-
rial properties dominated by interfaces. These interfaces
cause perturbations to local material properties result-
ing in strong spatial gradients in dynamics and likely nu-
merous other related properties.'™ A major open ques-
tion in the field is the nature of these spatial gradients
and how they are interrelated. To characterize these ef-
fects, new experimental methods are needed that can

measure local material properties in order to construct
a picture of how spatial variations in different interre-
lated properties change near interfaces. The first step
to the development of such techniques is the charac-
terization of the new method in bulk materials where
the measured values can be compared to known bulk
properties. To that end, we present here a characteri-
zation of the temperature dependence of perylene’s fluo-
rescence spectrum in bulk polymer matrices demonstrat-
ing its sensitivity to local polymer dynamics consistent
with bulk a-relaxations above the glass transition tem-
perature Ty and f-relaxations below T,. As a molecular
dye, perylene’s fluorescence spectrum is impacted by the
local polymer environment around it, making perylene
a probe of local polymer mobility that with appropri-
ate chemical labeling could be used to interrogate local

and pressure has been used to measure the local glass
transition temperature Ty,” 9 stiffness,'%!! and phase
separation.'? Pyrene, like perylene, is part of a class
of fluorescent probes that exhibit changes in their fluo-
rescence emission spectrum resulting from perturbations
in their vibronic band structure that reflect the probe’s
local environment. Other classes of fluorescent probes
exploit the rotational or translational motion of the dye
to interpret local mobility of polymer matrices. For ex-
ample, rotor dyes have been used to monitor physical
aging.¥15 In addition, the reorientation of fluorescent
probes has been used to monitor the segmental dynamics
of the near free surface region in polymer thin films!6-18
and near polymer interfaces. 120 Translational diffusion
parallel2!~23 and perpendicular?? to the substrate have
also been studied in polymer thin films.
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Perylene, as a polycyclic aromatic hydrocarbon flu-
orophore, has been reported as having good ther-
mal stability at high temperature and a high quan-
tum yield in its fluorescence emission,?® making it an
ideal choice as a molecular probe for polymer thin
films. Perylene incorporated in polymer binders has
been used as temperature-sensitive paints (T'SP) for real-
time monitoring of the surface temperature distribution
in the aerodynamics community. 2627 A dual-component
molecular thermometer consisting of perylene and an-
other non-emissive molecule was reported to show ratio-
metric variation upon changes in temperature, due to the
change in the shape of the emission spectrum via the ex-
ciplex formation between the two components.2® Bur et
al. have measured emission spectra at different temper-
atures for perylene doped in polycarbonate (PC), where
they found that the intensity ratio of the second peak
to the first trough shows a linear dependence on tem-
perature.?® Due to this linear temperature dependence,
perylene has been used as a molecular thermometer, as
reported in a later study where perylene was doped in
poly(acrylonitrile) (PAN) to monitor temperature per-
turbations caused by embedded metal nanoparticles.?°
Nevertheless, the mechanism of the temperature depen-
dence of perylene and how the temperature dependence
of perylene is influenced by the surrounding polymer ma-
trix is little studied.

Temperature is an important intensive parameter that
strongly impacts the dynamics of polymers, as well as the
emission of fluorophores embedded in the polymer ma-
trices. When the electrons of a fluorophore in the higher
energy excited states return to the ground state, the ex-
cess energy will be dissipated either through a radiative
transition (observed as fluorescence) or a nonradiative
transition (e.g., vibrational relaxation and collision with
surrounding molecules).? The rate of nonradiative decay
increases with increasing temperature as the local mo-
bility of the surrounding polymer’s segmental dynamics
increases, leading to a suppression of fluorescence emis-
sion and a decrease in the emission intensity. There-
fore, monitoring the emission intensity as a function of
temperature can provide an indirect probe of the nonra-
diative decay rate that can then be correlated with the
dynamics of the surrounding polymer matrix.

In the present work, we investigate the temperature
dependence of perylene doped in various polymer ma-
trices and assess the impact the surrounding polymer
dynamics has on the fluorescence emission spectrum.
We find a temperature-invariant region in the emission
spectra collected at different temperatures, which we
name as the self-referencing region (SRR). Normalizing
to this self-referencing region provides an internal correc-
tion to account for fluctuations in the excitation inten-
sity when characterizing the temperature dependence of
the emission spectrum. The temperature dependence of
the intensity ratio between the first peak Ipe. and this
SRR Iggrr is reproducible for a given polymer. We find

that the temperature dependence of this intensity ratio
IRatio(T) = Ipeax/Isrr reflects the temperature depen-
dent dynamics of the surrounding polymer matrix. The
measured intensity ratio corresponds to the quantum
yield @ of the fluorophore, reflecting the relative prob-
ability of the excited state perylene molecule decaying
via the radiative pathway leading to fluoresced light ver-
sus some nonradiative decay pathway. The temperature
dependence arises from the nonradiative decay mecha-
nisms, where the probability of the excited state pery-
lene molecule decaying via a nonradiative pathway varies
with temperature depending on the dynamics of the sur-
rounding polymer segments, i.e., altering the quantum
yield for fluorescence. We define a fluorescence inten-
sity “shift factor” ar from the emission intensity ratio
IRatio(T) with respect to that at a reference tempera-
ture Tiof taken to be the bulk glass transition tempera-
ture Tgbulk of the polymer matrix, in analogy to the shift
factor ar of the Williams-Landel-Ferry (WLF) equa-
tion. We find that the trend of this fluorescence defined
log(ar) vs (1/T —1/Ter) shows a non-Arrhenius behav-
ior in the supercooled liquid regime above Tgb““‘, suggest-
ing that the nonradiative decay process is influenced by
the cooperative a-relaxations of the surrounding poly-
mer segments. In contrast, in the glassy regime below
T;“lk when cooperative motion arrests, the nonradiative
decay follows a simple Arrhenius trend with a constant
activation energy, consistent with the local g-relaxation.

2. Experimental Methods

Polystyrene (PS) with molecular weight M, = 650
kg/mol, My/M, = 1.06 from Pressure Chemical,
poly(methyl methacrylate) (PMMA) with M, = 815
kg/mol, My, /M, = 1.09, poly(2-vinyl pyridine) (P2VP)
with M,, = 650 kg/mol, M /M, = 1.08 and polycar-
bonate (PC) with M, = 28 kg/mol, My /M, = 1.66
from Scientific Polymer Products were used as received.
Polymer solutions were prepared by dissolving PS or
PMMA in toluene, P2VP in butanol, and PC in 1,1,2-
trichloroethane. Perylene (Aldrich) was doped into poly-
mer solutions at trace levels (0.15 wt%, corresponding to
0.06-0.14 mol%) to prevent aggregation and formation of
excimer at high dye concentrations. 3" Experimentally we
saw no evidence of excimer fluorescence indicating that
the perylene dyes were isolated and well dispersed in the
polymer matrices. The sample methodology we used fol-
lows that developed by the Torkelson group for pyrene,
which demonstrated that pyrene doped at <0.2 mol%
provides the same measure of T, as labeling (chemically
grafting) the dye to the polymer chain.”3!

Polymer films were made by spin-coating polymer so-
lutions onto 25 mm X 25 mm X 3.7 mm fused silica
(SCHOTT) for fluorescence measurements and 20 mm x
20 mm silicon wafers (Wafernet) for film thickness mea-
surements. Film thicknesses of the polymer films were
measured by spectroscopic ellipsometry (Woollam M-
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2000). Raw ¥(\) and A(\) data for A = 400 — 1000 nm
were fit to an optical layer model to obtain the polymer
film thickness h. The optical layer model consisted of a
transparent Cauchy layer, n(\) = A+ B/\? for the poly-
mer film, and a 1.25-nm-thick native oxide layer atop a
semi-infinite silicon substrate. Film thicknesses of the
films spin-coated on to fused silica were assumed to be
the same as that spin-coated on to silicon wafers at iden-
tical spin speeds and solution concentrations. Bulk T,
values were determined by ellipsometry measurements of
the temperature dependent film thickness h(T") on cool-
ing at 1 K/min, where values of TP"¥ were found to be
96 °C for PS, 115 °C for PMMA, 94 °C for P2VP, and
150 °C for PC.

Steady state fluorescence spectra were acquired by a
Photon Technology International QuantaMaster spec-
trometer. Samples were covered by a clear quartz piece
with the same dimension as the fused silica substrate
to limit oxygen quenching and sublimation of the fluo-
rophore. The doped perylene was excited at 390 nm for
PMMA and 394 nm for PS, P2VP and PC via a xenon
arc lamp with an excitation bandpass of 3 nm and an
emission bandpass of 5 nm. All films were annealed on
the fluorometer heater (Instec HCS402) at Tgb“lk +35K
for 20 min to remove thermal history of the polymer
matrix. Although this annealing protocol is limited to
prevent sublimation of the perylene dye, this protocol
has been shown to be sufficient to relax the polymer
conformation locally and give reproducible measures of
the glass transition consistent with longer annealing his-
tories for polymer thin films. 333 Emission spectra were
collected on cooling at different temperatures. Full emis-
sion spectra (425-525 nm) were collected at Ty + 35 K,
Ty — 5 K and T — 45 K with respect to the Ty of
each polymer. Shorter spectra focused on the first peak
and the self-referencing region (SRR) were collected be-
tween Tg';ulk + 35 K and Tgb“lk — 45 K in increments
of 2 K and 10 K. The span of this shorter spectrum was
15 nm where the specific wavelength range varied slightly
depending on the polymer matrix. The system was al-
ways cooled at 2 K/min between temperature settings.
At the end of a cooling run, all samples were reheated to
the initial temperature to verify that the initial emission
intensity was recovered and ensure no photobleaching
had occurred during the course of the experiment.

3. Results and Discussion

We start by comparing the fluorescence emission spec-
trum of perylene doped into various polymer matrices in
the glassy state at a consistent temperature that is 45 K
below the bulk glass transition temperature Tg“lk. Fig-
ure 1 demonstrates the normalized emission intensity as
a function of wavelength for four bulk polymer films of
thickness h: PS (h = 360 nm), PMMA (h = 282 nm),
P2VP (h = 262 nm), and PC (h = 541 nm). The emis-
sion spectra were normalized to the interval between zero
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Figure 1: Normalized fluorescence emission intensity as a
function of wavelength for perylene doped (0.15 wt%) in
bulk polymer films: PS (red), PMMA (green), P2VP
(blue), and PC (brown), all in the glassy state at
T = T;ulk — 45 K. The perylene probe is excited at
390 nm for PMMA and 394 nm for PS, P2VP and PC.
Emission intensities are normalized to between [0,1]. In-
set shows the chemical structure of perylene.

and one, based on the intensity of the first peak, for
comparison. Across the different polymer matrices, the
emission spectra of perylene are in general similar, with
small variations in the peak locations and relative in-
tensities of the peaks. PS and PC show similar spectral
structure with the first, second, and third peaks located
at approximately 445, 475, and 507 nm, respectively. In
contrast, the spectrum of PMMA exhibits a blue shift of
~4 nm with respect to PS and PC, while the spectrum of
P2VP exhibits a red shift of ~2 nm. Such blue and red
shifts result from differences in polarity of the polymer
matrices. With the intensity of the first peak normalized
to one, we can also observe small variations in the rela-
tive intensities of the rest of the peaks. In PMMA and
PS matrices, perylene shows similar magnitudes of the
second and third peaks, relative to the first peak, which
are both slightly lower than the strength of the second
and third peaks in the P2VP and PC matrices. The dif-
ference in the relative strength of the peaks suggest small
changes are occurring in the vibronic bands of perylene,
reflecting perturbations to its intramolecular vibrations
caused by the surrounding polymer.

To investigate the temperature dependence of perylene
doped in polymer matrices, emission spectra were col-
lected at three different temperatures in distinct regimes
with respect to Tgb“lk: high temperature at T;“lk + 35K
deep in the equilibrium liquid regime, medium temper-



Soft Matter

4.0x10° —m———m—————7————+—+7———
3.0x10°

2.0x10° -

Intensity (a.u.)
Intensity (a.u.)

1.0x10°

0.0 +———
425

T T
450 475 500

Wavelength A (nm)

4.0x10° —m—m———————7————+—+7———

.u.)

Intensity (a.u.)
Intensity (a

P2VP

T ———
450 475 500

Wavelength A (nm)

Page 4 of 12

2.5x10°

2.0x10° -

1.5x10° -

1.0x10° -

5.0x10%
: PMMA (b) ]

w0t
425 450 475 500 525
Wavelength A (nm)

6.0X105 i L e e e B B LA B B B S B ]
] ——105°C 1

5.0x10° - e

-0x10” ——185°C]

4.0x10° - ]
- saeVE
: o} ]

3.0x10° - §

2.0x10° -

1.0x10° :
] PC (d)’

00 T T T T T T L | T T T T T T

425 450 475 500 525

Wavelength A (nm)

Figure 2: Fluorescence emission intensity as a function of wavelength at different temperatures (red curves are at a
high temperature of T;“lk + 35 K, orange curves are at a medium temperature of T, é’“lk — 5 K, and blue curves are
at a low temperature of T;’“lk — 45 K) for perylene doped in bulk polymer films: (a) PS, (b) PMMA, (c) P2VP, and

(d) PC. Self-referencing region (SRR) is represented by the

light gray bar, indicating the part of the spectrum that

is invariant at different temperatures. Blue arrows represent the shifts in the spectra with decreasing temperature.
Inset shows the corresponding chemical structure of the polymers.

ature at TP"'* — 5 K near the glass transition, and low
temperature at Tgbulk — 45 K deep in the glassy regime.
Figure 2 shows the emission intensity as a function of
wavelength for perylene doped in bulk polymer films
(same samples as in Fig. 1) at different temperatures.
The observed shifts to the spectra of perylene with tem-
perature are similar for all four polymer matrices, where
the magnitudes of the first and second peak increase with

decreasing temperature and the magnitude of the first
trough decreases with decreasing temperature. The in-
crease in overall emission intensity with decreasing tem-
perature can be explained by the decrease in the proba-
bility of nonradiative decay at lower temperatures.

One interesting feature of the temperature dependent
spectra is that the spectrum does not increase uniformly
at all wavelengths as the temperature decreases. Instead,
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some locations of the spectrum move in the opposite di-
rection to that of the peaks, resulting in regions where
the intensity is invariant as temperature changes. Such
regions are often referred to as isosbestic points.?* We
chose to name the temperature invariant region to the
left of the first peak as the self-referencing region (SRR),
and use it to account for any fluctuations to the overall
magnitude of the spectrum which can be subject to per-
turbations (e.g. fluctuations in excitation light intensity)
not reflective of changes in temperature. Therefore, the
intensity ratio between the intensity of the first peak
Ipeai and the intensity of the SRR Isgr,

I
Peak ( 1 )

Iratlo ISRR )
should not be influenced by the fluctuations in excitation
light intensity, compared with solely measuring the peak
intensity Ipeax. In practice, we find that for bulk films
with different film thicknesses, the SRR for a given poly-
mer consistently falls within a span of 2 nm on the wave-
length axis, which we defined as the width of the SRR,
confirming that the existence of the SRR is a character-
istic feature of perylene doped in the polymer matrices.
The locations of the SRR are represented by gray bars
in Fig. 2. In contrast to the uniform width of the SRR,
the location of the SRR depends on the specific polymer
matrix that perylene is doped into. Specifically, the SRR,
is located at 438-400 nm for PS and PC, at 433-435 nm
for PMMA and 440-442 nm for P2VP. The relative loca-
tions of the SRRs for the different polymers agree with
the blue and red shifts of the emission spectrum shown in
Fig. 1, suggesting that the SRR is a fundamental feature
of the perylene emission spectrum while the location of
the SRR is altered by the polarity of the surrounding
polymer matrices that shift the emission spectrum.

We now examine more closely how the spectrum of
perylene doped in polymer matrices changes relative to
the SRR at various temperatures. To minimize the
amount of exposure to the excitation light the sample
experiences and reduce photobleaching, a short wave-
length range (span = 15 nm) that includes the SRR and
the first peak is selected instead of the full spectrum
scan (span = 100 nm). The exact wavelength range of
the short emission scan varies with the specific positions
of the first peak and the SRR in the polymer matrix,
with a fixed span of 15 nm. With this reduced range of
emission scan, the temperature dependence can be char-
acterized at a finer resolution (e.g. every 10 K) than the
high, medium, and low temperature settings shown in
Fig. 2. These short wavelength range emission spectra
were acquired every 10 K during cooling from T;u”‘ +
35 K to Tgbulk — 45 K at a cooling rate of 2 K/min. No
noticeable photobleaching was observed after reheating
to the initial temperature for samples measured follow-
ing this procedure. Figure 3 demonstrates the emission
spectra (spanning a wavelength range from 431-446 nm)
of a 444-nm-thick PMMA film measured at different tem-
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Figure 3: Fluorescence emission spectra at different tem-
peratures focused on the first peak for perylene doped in
a bulk PMMA film (h = 444 nm). The emission spectra
were collected at every 10 K from Tgblﬂk + 35K to T, g’“lk
— 45 K on cooling at 2 K/min. The locations of the SRR
and the first peak are 434 nm and 441 nm, respectively.

peratures upon cooling. The emission spectra collected
from high temperature (7, ;“”‘ + 35 K) to low tempera-
ture (Tgb“lk — 45 K) are graphed in varying colors from
red to green, with the SRR at 434 nm and the peak
at 441 nm marked. With decreasing temperature, the
intensity at the SRR Isgr remains invariant, while the
intensity at the peak Ipe.i increases monotonically. We
are interested in the temperature dependence of the peak
to SRR intensity ratio for different polymers. This inten-
sity ratio Ipeax/Isrr likely reflects information about the
physical and dynamical properties of the polymer matri-
ces around the perylene dye. Previous ratiometric mea-
surements have reported that the intensity ratio between
the second peak and the first trough of the perylene spec-
trum changes linearly with temperature.2%2° Due to our
selection of the first peak and the SRR, the temperature
dependence of the intensity ratio Ipeax/Isrr is possibly
different than that reported in the literature for the al-
ternate ratio, perhaps revealing different local properties
than simply a temperature dependence.

To further characterize the temperature dependence
of the Ipeak/Isrr intensity ratio, we reduce the step size
of the temperature ramp from 10 K to 2 K to increase
the number of data points. Following this procedure,
scans of the short emission spectrum (span = 15 nm)
that includes the first peak and the SRR were measured
every 2 K on cooling from Tgbulk + 35 K to Tgbulk —
45 K with 2 K/min cooling rate between temperature
steps. The intensity ratio Iratio (eq. 1) is calculated



Soft Matter

n
w

2.1+

ISRR

/
N
o

peak

1.7

Intensity ratio |
=
»
|

1.5 .
1 A 1
1.4+ =

13 —
40 60

80 100 120 140 160 180 200
Temperature (°C)

Figure 4: Temperature dependence of the intensity ra-
tio Tratio = Ipeak/Isrr for perylene doped in bulk films
of different polymers: PS (red), PMMA (green), PC
(brown), and P2VP (blue). Representative data sets are
shown as solid symbols with corresponding linear fits.
Shaded areas demonstrate the range of sample-to-sample
variability between nominally identical samples.

as the peak intensity (averaged over a +1 nm range)
divided by the intensity of the SRR. Figure 4 graphs
the intensity ratio Iratio as a function of temperature for
perylene doped in bulk films of the different polymers. A
single representative data set for each polymer is shown
as solid symbols while the shaded area demonstrates the
sample-to-sample variability across nominally identical
samples. For all four polymer matrices, the intensity
ratio of the perylene probe shows a similar trend with
temperature, where IRratjo increases with decreasing tem-
perature monotonically. These intensity ratio trends are
reproducible for bulk films of the same polymer, where
the reference to Iggr can account for any fluctuations in
the emission intensity of Ipeak. Such good reproducibil-
ity of Iratio suggests that the temperature dependence of
the perylene probe reflects perturbations caused by the
surrounding polymer matrix. To quantify the differences
in the temperature dependent trends between polymers,
we apply a simple linear fit to the data as a first or-
der approximation. We find that the magnitudes of the
slopes and intercepts of the linear fits vary depending
on the polymer matrix. The values of the slopes of the
linear trends are —0.00477 for PS, —0.00310 for PMMA,
—0.00171 for PC, and —0.00153 for P2VP. The slopes of

the temperature dependence between different polymers
are similar for P2VP and PC, while the slope of PMMA
is roughly twice of that for P2VP and the slope of PS is
roughly three times of that for P2VP. To compare the
intercepts of the linear fits without extrapolation, we
compare the magnitude of Iratio at the same tempera-
ture (T = 120 °C) for different polymers. The values of
IRatio(T = 120 °C) are 1.895 for PS, 1.797 for PMMA,
1.680 for PC, and 1.366 for P2VP. It is interesting that
polymers with larger slopes tend to also have a larger
magnitude of Iratio at a given temperature.

To understand the mechanism behind the different
temperature dependencies of the intensity ratio Iratio of
perylene in different polymers, we need to explore how
the probability of fluorescence emission of a photon is im-
pacted by temperature. Fundamentally, the decrease in
the fluorescence emission intensity at higher temperature
results from a larger probability of energy decay from
the excited electronic state by nonradiative pathways
via intramolecular vibrations of the perylene dye and
intermolecular collisions of the dye with the surrounding
polymer matrix. Therefore, the temperature dependence
of the emission intensity ratio Iratio can be described by
the temperature dependence of the rate of nonradiative
decay. Such rate parameters represent the probability
of a certain electronic transition occurring under a given
condition. The efficiency of the fluorophore to radiate
energy is characterized by its quantum yield ®, defined
as the ratio of the emission light intensity Ir to the ex-
citation light intensity Ig: ® = %.5 The quantum yield
® can also be written as the ratio of the rate parameters
o= ,miir,;m, where kg is the rate of radiative decay (flu-
orescence emission) and kng is the rate of nonradiative
decay.?

Previous studies have demonstrated that the tempera-
ture dependence of the nonradiative decay rate knyg can
be treated as a sum of a temperature invariant part kg
and a temperature dependent part k1, where k; has been
shown experimentally to follow an Arrhenius tempera-
ture dependence, 26:35:36

FE
kNRZko+k1=ko+AeXp<—kBT>7 (2)

when the dyes have been in liquids or polymers well in
their glassy state. FE is the activation energy associ-
ated with the nonradiative decay, A is a prefactor, kg
is Boltzmann’s constant, and T is the absolute tem-
perature. By incorporating such a temperature depen-
dence for the nonradiative decay rate kngr, the ratio of

I _ §—1 _ krtknr 3 ]
ey = o1 = e can be written as

IE ]{JR—F [ko—FAeXp(—kBLT)} ( )
— . 3

In(T) kr
The temperature invariant parts can be canceled by con-
sidering the difference of this ratio at the desired tem-
perature T to that at absolute zero T' = 0, resulting in
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a purely temperature dependent term (7):26:27

Ig Ig A E
D =Tm T kReXp<‘k-BT> -

This assumes that the radiative decay rate kg is indepen-
dent of temperature, which is reasonable for an electronic
energy level transition. We next consider a ratio of the
quantity Q(7') at the desired temperature T relative to
a reference temperature Tyef:

ng?T)f) P LfB (117 - Tif)] ’ ®)

which based on the first half of eq. 4 can also be written
QTret)  [Ip(0) — Ip(Trer) | I(T')
— : (6)

Q(T) Ip(0) = Ip(T) | I(Tier)

When T does not deviate too far from the reference tem-
perature Tiof on an absolute temperature scale, the term

in square brackets is ~1 leaving26:27
I(T) E (1 1
I(Tref) P |:]{?B <T o Tref>:| (7)

when combined with eq. 5. Therefore, the fluorescence
intensity at a given temperature T relative to that at a
reference temperature Tyof can be written in an Arrhe-
nius form: 26,27

sl i (romg)

Following this reasoning, we graph the temperature
dependence of Igratio(7) in this form following eq. 8,
dent of temperature. Figure 5 illustrates the observed

behavior of perylene doped in bulk PMMA films with

log {741:?:‘(’;2)} graphed as a function of (% — ﬁ),

where we have chosen Tg“lk as the reference tempera-
ture Trer. A representative data set from a single sam-
ple is shown as green circles, while additional data de-
noted as gray circles demonstrate the sample-to-sample
variability of nominally identical samples. Graphed in
this manner, we find that the temperature dependence
of Iratio(T") follows a linear Arrhenius trend with con-
stant activation energy E for temperatures below Té’“lk.

At Tgb““‘, we observe a distinctive change in the slope
of the Arrhenius plot, where over multiple data sets we
have come to conclude that the Iratio(T) data follow a
non-Arrhenius temperature dependence with a tempera-
ture dependent activation energy F(T') for temperatures
above Tgb‘“k. This transition point at Tgblllk is indepen-
dent of the choice of T}of, where we have tested various
choices of Tyef and found no changes to the transition
point that always occurs at the T, of the polymer matrix.
This also indicates that the temperature dependence of
TRatio(T) as plotted in Fig. 4 is not strictly linear, but
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simply that the transition that occurs at Tgbulk is not
distinctive enough when plotted in this way. A strictly
linear trend in IRatio(7) does not exhibit the same be-
havior as shown in Fig. 5.

The observation of a non-Arrhenius temperature de-
pendence above the glass transition temperature of the
polymer matrix is not surprising as the nonradiative de-
cay pathways are sensitive to the local dynamics of the
polymer segments surrounding the dye.® At higher tem-
peratures when the local dynamics of the polymer are
more active, there will be a higher probability for the
excited state dye to decay to its ground state via some
nonradiative decay pathway than the radiative decay
pathway that we measure experimentally as fluoresced
light. The temperature dependence of the fluorescence
intensity represents this change in the relative probabil-
ity of decay pathways for the excited state dye and will
therefore reflect the dynamics of the surrounding poly-
mer.

The activation energy E(T') corresponds to energy loss

30 .

T T T
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o PMMA

20
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Cs Iog[lratio(T) / Iratio( Tref)]
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Figure 5: Temperature dependence of the
fluorescence intensity shift factor log(ar) =

¢y log[Iratio(T') /IRatio (Trer)] for perylene doped in
bulk PMMA films. A single representative data set
is shown as green circles, while gray circles represent
additional samples demonstrating sample-to-sample
reproducibility across nominally identical samples.
Graphed on this Arrhenius plot, the slope of the data
show a distinctive change at the polymer matrix’s glass
transition temperature Ty"!* (taken as Tier). Bulk WLF
parameters from the literature” (gray curve) were used
to determine the calibration factor cy that defines the
vertical scale from the fluorescence intensity. A linear
fit is applied to the data below Tgb“lk (black line) to
determine the activation energy E in the glassy regime.
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of the excited state perylene dye via nonradiative decay
mechanisms that are reflective of the local dynamics of
the surrounding polymer matrix. Thus, the observed
transition from a non-Arrhenius to an Arrhenius tem-
perature dependence as the polymer matrix transitions
from the supercooled liquid regime above 7}, to the glassy
regime below T, reflects the change in temperature-
dependent polymer dynamics of the matrix surround-
ing the dyes. We can use literature values for the non-
Arrhenius temperature dependence to quantify the scale

of the log {%} axis by making an analogy with

the Williams-Landel-Ferry (WLF) equation. The WLF
equation,

C(1 (T - Tref)

a 02 + (T - Tref) ’ (9)

log(ar) =
is commonly used to describe the non-Arrhenius tem-
perature dependence of polymer materials in their rub-
bery, supercooled liquid regime above T, where values of
the constants C; and Cy are tabulated for various poly-
mers with the reference temperature Ty ef usually taken
as Ty.37 3% It is mathematically equivalent to the Vogel-
Fulcher-Tammann (VFT) equation commonly used to
describe the supercooled liquid regime of various glass
formers. 40
Similar to how the WLF equation is routinely de-
n(T)
n(Tret)

log [T?(TTe)f)} ratio, we use the fluorescence intensity ratio

to define an equivalent ar shift factor as:

TRatio(T) ] E(T) (1 1 )
crlog | ——————| =loglar) = —= | = — ,
1708 |:IRatio (Tref) g( T) kB T Tref (10

where we introduce a calibration factor ¢y to connect
the fluorescence intensity ratio to the effective time scale
ratio described by the conventional WLF shift factor
ar. This calibration factor c¢; depends on the specific
polymer matrix, where tabulated literature values for
the WLF parameters C; and Cy are used to determine

fined based on a viscosity log [ } or relaxation time

log(ar) in eq. 9 and therefore ¢y in eq. 10. Specif-
ically this is done by graphing log [%} versus

—% for T > Tgbulk and determining cy from

a one-parameter fit for the slope. For PMMA, the bulk
WLF parameters were taken from Ref. 37 as C7; = 34
and Cy = 80 K at Tyt = 393 K, giving a calibration
factor ¢y = 120. This calibration factor acts to convert
the vertical scale of the graph in Fig. 5 from the fluores-
cence intensity counts, which are in arbitrary units, to a
meaningful scale that can then be compared with other
experiments.

With this calibration of the fluorescence intensity ratio
axis, we can then determine the effective activation en-
ergy F for the nonradiative decay of perylene in the poly-
mer’s glassy regime from the linear slope for tempera-
tures T' < Té’ulk, which for PMMA is E = 169+5 kJ/mol.

The dominant relaxation process below T, upon cool-
ing slowly through the glass transition as is done in the
present experiments is the S-relaxation, along with other
local segmental relaxations.*14% As such, we would ex-
pect these to be the primary local relaxations of the
polymer segments surrounding the perylene dye con-
tributing to its nonradiative decay in the polymer’s
glassy regime. Thus, it seems reasonable that the ac-
tivation energy for the nonradiative decay of perylene is
slightly larger but comparable to the activation energy
for the [-relaxation of PMMA measured by dielectric
spectroscopy, ~ 85 kJ/mol.4? One might anticipate that
a larger number of surrounding polymer segments and
their local dynamics contribute to the nonradiative de-
cay of perylene than that needed for a single S-relaxation
event.

We next investigate how this measure of local polymer
dynamics by perylene, reflected in the temperature de-
pendence of the nonradiative decay rate, compares across
different polymer matrices. Figure 6 plots the fluores-

cence intensity shift factor ¢y log [%} = log(ar)

(% — ﬁ) following eq. 10 for perylene

doped in the different polymer matrices. We find that
the temperature dependent trend of the fluorescence in-
tensity ratio Iratio(7) is similar for all polymers, follow-
ing a non-Arrhenius temperature dependence above the
polymer matrix’s glass transition temperature and then
transitioning to a linear Arrhenius trend below T>Uk.
This is particularly distinctive for the Iratio(7') data in
the PS matrix shown in Fig. 6a where we have been
able to extend the temperature range to higher temper-
atures. As we did for PMMA, tabulated literature val-
ues for the bulk WLF parameters of each polymer were
used to define the fluorescence calibration factor cy in
eq. 10. The WLF parameters used were C; = 12 and
Cy =49 K at T,of = 375 K for PS giving a calibration
factor ¢f(PS) = 45, and € = 10.4 and Cy = 52.2 K
at Tref = 426 K for PC giving cf(PC) = 80.3" WLF
parameters for P2VP were not found in the literature;
thus, we chose to apply the WLF parameters of PS to
P2VP given their similar 7T, and chemical structure re-
sulting in a calibration factor of c¢y(P2VP) = 100 for
P2VP. Using these calibration factors, as was done for
PMMA above, we can determine an effective activation
energy F for the nonradiative decay of perylene within
a given polymer matrix based on the linear slope of the
data in the glassy regime resulting in £ = 79+5 kJ/mol
for PS, F =81 +9 kJ/mol for P2VP, and E = 117 + 12
kJ/mol for PC. Unsurprising, the value of E for perylene
in PS and P2VP are similar, likely reflecting comparable
local dynamical environments.

as a function of

The similarity between the temperature trends of
perylene doped in the various polymer matrices confirms
that the nonradiative decay process of perylene reflects
changes in the local polymer dynamics. For an electron
in the excited state of perylene, it will return to the
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Figure 6: Temperature dependence of the fluorescence intensity shift factor log(ar) = ¢y log[Iratio(T)/Iratio(Tver)]
for perylene doped in bulk films of (a) PS, (b) PMMA, (c¢) P2VP, and (d) PC. Representative data sets are shown as
colored symbols (PS: red squares, PMMA: green circles, P2VP: blue triangles, and PC: brown diamonds) with gray
symbols corresponding to additional samples demonstrating sample-to-sample variability across nominally identical
samples. Data for temperatures T > Tgbu“‘ (=Tref) show a non-Arrhenius temperature dependence that transitions to
an Arrhenius trend below T;”lk. Bulk WLF parameters from the literature®” (gray curves) were used to determine
the calibration factors cy for perylene in each polymer matrix to define the vertical scale from the fluorescence
intensity. Simple linear fits (black lines) are applied to the data below T, gbulk to determine the activation energy F in

the glassy regime.

ground state via either the radiative transition or a non-
radiative transition. The radiative transition leads to
fluorescence where the population of the electrons going
through this pathway are characterized by the emission
intensity. In contrast, the rate of nonradiative transi-

tion can be inferred from the emission intensity since an
increase in the nonradiative decay rate would suppress
the emission intensity. Due to perylene’s intermolecu-
lar collisions with the surrounding polymer segments,
more energy is dissipated when the polymer segments
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have a higher mobility at elevated temperature above
the glass transition temperature 7,. As can be seen in
Fig. 6, the temperature dependence of the fluorescence
intensity ratio Iratio(T') exhibits a distinctive change in
the slope of the data on the Arrhenius plot character-
izing the change in activation energy E(T') with tem-
perature. Above Ty, a non-Arrhenius behavior with a
temperature dependent activation energy FE(T) is ob-
served, especially for the extended temperature range of
the PS data in Fig. 6a, while below T}, a simple Arrhe-
nius trend with constant activation energy E is found.
It appears that the nonradiative decay process impact-
ing perylene in the polymer’s supercooled liquid regime
above Ty is reflecting the cooperative a-relaxation of the
surrounding polymer segments that slow down as the
glass transition is approached. For the temperature re-
gion below Ty in the polymer’s glassy state, the cooper-
ative a-relaxation is frozen out, leaving the nonradiative
decay process of perylene primarily affected by the local
[B-relaxation of the surrounding polymer with a tempera-
ture independent activation energy, resulting in a simple
Arrhenius trend. We identify the inflection point in the

cylog [%} = log(ar) data based on the intersec-

tion of the linear fit below 7, with the WLF curve for
each of the polymer matrices and use it to define a local
T, value, Tgperylene, based on the temperature at which
the surrounding polymer matrix around the perylene dye
transitions from a non-Arrhenius to Arrhenius behavior:
Tgperyle“e =391 K for PMMA, Tgperyle“e = 373 K for PS,
Tgperylene = 372 K for P2VP, and Tgperylene = 425 K for
PC. For each of the four polymer matrices, this perylene
based T value is found to agree well with known Tgbulk
values for these polymers to within the approximately
45 K that the T,P¥'*"® values can be determined from
these data.

It appears that the fluorescence sensitivity of perylene
to the local polymer matrix is distinctly different from
that of pyrene. Perylene identifies a Tgperylene of the
local polymer matrix that is sensitive to the polymer’s
dynamics, a so-called dynamic T,. This is in contrast
to pyrene whose sensitivity to local Ty of the polymer
matrix arises through its sensitivity to local polarity,
stiffness, and pressure,®% where pyrene’s measure of Ty
has been shown to agree well with ellipsometry. "3 Such
measures of T, through the material’s thermal expan-
sion are considered a thermodynamic Ty.%* Interestingly,
experimental measures of dynamic and thermodynamic
T, have been shown to display different trends in the
film-average glass transition temperature Tg(h) of con-
fined polymer films with decreasing film thickness h even
within the same system, where several different possible
explanations have been proposed to explain these differ-
ences.*® Studies based on molecular dynamics simula-
tions have argued that the differences between dynamic
and thermodynamic film-average T,(h) measures likely
arise from how these different experimental measures
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weight the locally fast and slow regions of the dynam-
ical gradient in the film-average measurement.46:4” To
verify this interpretation experimentally, local measure-
ments of both the dynamic and thermodynamic Tg(2) as
a function of position z from a perturbing interface would
need to be compared along with their measured averages.
With appropriate chemical labeling, perylene has the po-
tential to provide such a local measure of dynamic T,(z)
to complement the existing local pyrene measurements
of thermodynamic T (z). This difference in fluorescence
sensitivity between perylene and pyrene may stem from
the large difference in the excited state lifetimes of the
two dyes: Tex = 6 ns for perylene versus 7oy ~ 430 ns for
pyrene.® It is pyrene’s unusually long excited state life-
time that gives it its unique sensitivity to local polarity
as the surrounding dipoles are able to reorient relative
to pyrene’s long-lived excited state dipole that is formed
on excitation.®® Thus, given these differences between
perylene and pyrene dyes, we believe that future stud-
ies of local Tgperyle’“e and the temperature dependence of
perylene’s fluorescence response near polymer interfaces
may prove fruitful in better understanding local changes
in polymer dynamics in nanoconfined systems.

4. CONCLUSIONS

In this study, we have demonstrated how perylene’s
fluorescence emission spectrum can be used to probe lo-
cal polymer dynamics when doped in bulk PS, PMMA,
P2VP, and PC matrices. By characterizing the temper-
ature dependence of perylene’s emission spectrum, we
identified a temperature invariant region to the left of
the first peak, which we defined as a self-referencing re-
gion (SRR). This SRR can be used to correct for fluctu-
ations in excitation intensity. Focusing on the intensity
ratio Iratio = Ipeak/Isrr between the first peak and this
SRR, we showed that the temperature dependence of this
intensity ratio Iratio(T') is reproducible across different
samples depending on the surrounding polymer matrix.

The temperature dependence of this intensity ratio
TRatio(T) results from the temperature dependence of the
nonradiative decay pathway of the excited perylene dye
that is influenced by its intermolecular collisions with
the surrounding polymer segments, and characterized by
an effective activation energy F(T). We observe that
perylene’s Igratio(T) follows a non-Arrhenius tempera-
ture dependence for temperatures above the polymer’s
glass transition temperature T, in its supercooled lig-
uid regime that transitions to an Arrhenius temperature
dependence for temperatures below the polymer’s T, in
its glassy regime, suggesting that the nonradiative de-
cay process is influenced by the cooperative a-relaxation
of the local polymer segments. We are able to use the
known WLF dependence for the polymer matrices for
T > T, from the literature to calibrate the fluorescence
intensity ratio. For temperatures below the polymer’s T},
where the cooperative a-relaxations of the polymer ma-
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trix are arrested, Iratio (7)) exhibits to an Arrhenius tem-
perature dependence with a constant activation energy
F indicating that the nonradiative decay process of pery-
lene is primarily influenced by the local (S-relaxations

below T.
We defined a fluorescence intensity “shift factor”
cylog [%} = log(ar) based on a ratio in fluo-

rescence intensity Iratio(7') at the given temperature T
relative to a reference temperature Tyqf taken to be Tgbulk
of the polymer matrix. Using tabulated bulk WLF pa-
rameters for the different polymers, we determined the
fluorescence calibration factor ¢, that converts the fluo-
rescence intensity ratio to the effective time scale ratio
described by the conventional WLF shift factor log(ar),
which allowed us to quantify the effective activation en-
ergy F for perylene’s nonradiative decay rate in the glass
regime below T,. These fluorescence data of perylene’s
temperature dependent nonradiative decay rate that re-
flect the local dynamics of the surrounding polymer ma-
trix were used to define a perylene glass transition tem-
perature Tgperylene that we find agrees well with the
known glass transition temperature T, values for these
polymers. Future efforts will apply these methods uti-
lizing perylene as a local probe of polymer dynamics in
thin films via covalent attachment to polymer chains.
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