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ABSTRACT: Phosphorescence from four aromatic ketones (xanthone, benzophenone, flavone, and
9-methoxyflavone) has been used to study secondary R-, â-, and γ-relaxation processes in polystyrene
and poly(n-alkyl methacrylate)s (n-alkyl ) methyl, ethyl, and butyl) in the temperature range 15-400
K. Plots of normalized phosphorescence intensity versus temperature and the respective Arrhenius curves
showed changes of nonradiative deactivation efficiencies, which were attributed to polymer secondary
relaxation processes. In addition to the phosphorescence emission, flavones in poly(n-alkyl methacrylate)s
also exhibited fluorescence emission ascribed to the protonated moiety. The presence of these two emissions
indicated a probe distribution sensing two different microenvironments: protic (fluorescent) and nonprotic
(phosphorescent) sites. Protic sites reveal the existence of acidic residues copolymerized to the methacrylic
polymer chains. Plots of fluorescence intensity versus temperature have been used to determine the
polymer relaxation processes of these acidic domains always revealing a higher onset temperature
compared to the phosphorescence emission. The influence of both the size and the shape of these probes
has also been analyzed, demonstrating that small molecules (xanthone and benzophenone) are more
sensitive to shorter segmental motions occurring at lower temperatures.

I. Introduction

Unlike the crystalline state, cooled amorphous poly-
mers present a glassy structure characterized by a
disordered solid structure. Around the glass transition
temperature (Tg) large changes in the mechanical and
transport properties have been observed. The mecha-
nism of these changes is strongly dependent on the
polymer matrix, on the type of property being measured,
and on the temperature range. At temperatures below
Tg, the diffusional motions and structural changes
involving short segments and end groups become highly
restricted, but relatively faster relaxation of the vibra-
tional and librational degrees of freedom are possible.1-3

Despite the normal Arrhenius-like temperature depen-
dence of the several types of thermal-activated pro-
cesses, slow motions of polymer chains (R-relaxation
process) exhibit strong temperature dependence de-
scribed by the Williams-Landel-Ferry (WLF) equa-
tion.4 Moreover, at Tg the time scale for structural
relaxation is within minutes and involves several types
of main-chain dynamic processes. On the other hand,
localized motions involving side groups or short seg-
ments persist in the glassy state and have been observed
to follow an Arrhenius-like temperature dependence for
the average correlation time.3,5,6

Recent studies of poly(n-alkyl methacrylate)s have
focused on the nature of the motions involved with the
secondary relaxation processes.6-13 While the secondary
relaxations are considered as the â-process, involving
motions of side groups of the macromolecule, the
R-relaxation process has been attributed to the main-
chain rotation. Depending on the temperature and on
the n-alkyl group size, R- and â-relaxation processes can
be coupled. Indeed, results obtained with NMR tech-
niques for poly(methyl methacrylate) (PMMA) revealed

that the dynamics of both the ester moiety and the
methyl side groups (â-relaxation) may be coupled with
main-chain motions (R-relaxation process).6,7,13 In ad-
dition, experiments using dielectric relaxation demon-
strated different thermokinetic structures with greater
complexity depending on the size of the side groups
involved with â- and R-relaxation coupling in poly(n-
alkyl methacrylate)s.10 Although the coupling between
R- and â-relaxation processes has been shown by several
experimental techniques, the dependence of the relax-
ation processes on the size of the alkyl derivatives
remained unclear.9,13-16

Polymer secondary relaxation mechanisms have been
studied by several instrumental methods such as di-
electric spectroscopy,10 NMR,6,9,17-19 positron annihila-
tion spectroscopy,12,20,21 luminescence spectroscopy, and
other techniques.7,11,13,22-28 Luminescence spectroscopy
is very attractive for determining the onset tempera-
tures for polymer relaxation processes due to the strong
temperature dependence of photophysical properties of
probe or label groups in the polymeric material. Several
types of spectroscopic techniques can be used, including
steady-state or time-resolved measurements, radiative
or radiationless processes, and anisotropy measure-
ments.29,30 Moreover, it is possible to select intrinsically
or extrinsically luminescent polymers, and in the case
of nonluminescent polymers, we can choose a large
number of available probes covering a wide variety of
shapes, sizes, solubilities, and photophysical and pho-
tochemical properties.5,23,24 Usually, the high sensitivity
of techniques requires a reduced amount of the external
probe, ensuring a small disturbance of the polymer
matrix.24

Considering the Arrhenius-like temperature depen-
dence of the local macromolecular motions below Tg,
low-frequency measurements or long-term observations
should be useful for a better discrimination of the
temperature range related to the onset of each second-
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ary transition.5,22 Indeed, the temperature dependence
of the long-lived phosphorescent state has been useful
to determine the onset of some lower temperature local
motions of several polymers5,22 while the short-lived
fluorescent state has been more useful to follow higher
temperature processes.29-31 In a previous work we
determined the onset temperatures for thermal relax-
ation processes of cross-linked poly(ethyl acrylate)
networks measuring the temperature dependence of the
fluorescence emission of anthracene dissolved or anthryl
groups bonded to the network chains.32 This work
showed that the onset temperatures were almost the
same independent of the fluorescent moiety and that
the major differences were related to the bandwidth of
the whole spectra. We have also shown that the tem-
perature dependence was roughly of Arrhenius type for
both probes.

The present work is an attempt to study the temper-
ature dependence of the photophysical properties of four
phosphorescent aromatic carbonyl derivatives dissolved
in poly(n-alkyl methacrylate)s (methyl-, ethyl-, and
n-butyl-) and polystyrene (as a nonpolar reference
medium). The choice of the molecular probes (benzophe-
none, xanthone, flavone, 7-methoxyflavone) (Scheme 1)
was based on the following criteria: (1) these probes
have different molecular shapes and sizes; (2) their
photophysical properties should be strongly related to
both their structures and specific dye/polymer interac-
tion; and (3) they exhibit high phosphorescence quan-
tum yields (φPh > 0.4) with variable degree of mixing
between n-π* and π-π* transitions of the low-lying
excited triplet state.33-37 Moreover, benzophenone has
been chosen due to its well-known photochemical prop-
erties in several polymer media, and the temperature
dependence of the triplet state decay profiles was
ascribed to the hydrogen abstraction by the excited
molecule, producing a ketyl radical.38,39

The low-lying triplet state of benzophenone (3Bp*)
exhibits a dominant n-π* character,33 being shifted to
higher energy (blue) as the medium polarity increases.
On the other hand, the low-lying xanthone triplet state

(3Xt*) is strongly dependent on the media polarity
promoting an inversion from n-π* to π-π* as the
polarity decreases.33 Moreover, the larger 3Xt* dipole
moment of the excited state compared to the electronic
ground state may lead to a different exciplex structure
and stability between the n-π* or π-π* probe and the
energy acceptor group.34,35 Flavone (F0) and 7-meth-
oxyflavone (F7) are phosphorescent molecules in non-
protic media, but protonation of the carbonyl group
promotes a simultaneous radiative deactivation by
fluorescence emission.35-37 Furthermore, the internal
free rotation around σ-bonds external to the benzopy-
rone ring may contribute to a nonradiative deactivation
pathway of the electronic excited state. Compared to
flavone, the 7-methoxyflavone contains a methoxy group
that is expected to introduce another type of physical
hindrance to the accommodation of the molecule in the
polymer matrix, requiring a larger free-volume site.
While the benzophenone and xanthone average sizes are
similar (vw ) 169.3 and 165.2 Å3, respectively) their
molecular shapes are different, changing from planar
(Xt) to a twisted molecule (Bp). These molecular volumes
were calculated using the atomic increment method.40

On the other hand, flavones are larger (vw (F0) ) 413 Å3

and vw(F7) ) 436.3 Å3), with the free-rotating phenyl
substituent introducing a volume element to the mo-
lecular shape. For comparison, the molecular volume
of the alkyl groups are 48.3, 63.5, and 99.3 Å3 for methyl
acrylate, ethyl acrylate, and butyl acrylate groups,
respectively.40 In addition, we estimated by molecular
modeling (MM2) the most stable geometry of these
molecular probes that resulted in the planar dimension
showed in Scheme 1: xanthone < benzophenone <
flavone ≈ 7-methoxyflavone. These probes with different
shapes and sizes were chosen in an attempt to correlate
the photophysical properties to the available free-
volume produced by the alkyl side group of the polymer
matrix.

II. Experimental Section

7-Methoxyflavone (F7) was obtained by methylation of the
corresponding hydroxyflavone (Aldrich Chemical Co.) in the
presence of an excess of diazomethane. F7 was recrystallized
at least three times from cyclohexane. Benzophenone (Bp),
xanthone (Xt), and flavone (F0) (Aldrich Chemical Co.) were
recrystallized from ethanol at least two times before using.
All of these molecules were kept in the dark until use.

The following polymers were used as received: polystyrene
(PS) (EDN), poly(methyl methacrylate) (PMMA) (Aldrich cod.
[9001-14-7]), poly(ethyl methacrylate) (PEMA) (Aldrich cod.
[9003-42-3]), and poly(butyl methacrylate) (PBMA) (Aldrich
cod. [9003-63-8]). Preliminary tests using these polymers
revealed the presence of residual acid groups copolymerized
in the polymer chain.41 Exhaustive Soxhlet extraction using
ethyl acetate and in sequence ethanol solvents were unable
to remove these acidic residuals. Thus, the purification step
was abandoned, and they were used as received.

Films of these polymers were physically characterized by
several techniques: the glass transition temperatures were
determined by differential scanning calorimetry, DSC (Du
Pont, model v2.2A 990), calibrated with indium as a standard.
Two scans were performed for every sample: the first scan
heated the sample from room temperature to 150 °C, then the
sample was quenched at -150 °C, and finally, it was heated
again to 150 °C. The heating rate was 10 °C/min. The glass
transition temperatures are listed in Table 1. The molecular
weights and polydispersities were determined by GPC (Wa-
ters), with a IR 410 refractive index detector and using
tetrahydrofuran as eluent at a temperature of 40 °C. Polysty-
rene was used as the standard.

Scheme 1
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Films of the polymers (PS, PMMA, PEMA, PBMA) were
prepared by casting their dichloromethane (Aldrich Chemical
Co.) solutions on silanized Petri dishes (to avoid adhesion).42

Polymer films containing the luminescent probes were pre-
pared by adding a certain volume of (2-4) × 10-3 mol L-1 stock
dichloromethane solution containing both probe and polymer.
A selected volume was defined for a desired probe/polymer
composition ratio, established to give a detectable phospho-
rescence signal without probe aggregation in the matrix. The
prepared films were dried at room temperature in air. Once
formed, these films were kept for a couple of weeks in a
desiccator under vacuum. One day before use, they were
annealed at 60 °C in an oven for 8 h and kept in it until
measurements were performed. Film thickness was ca. 300
µm. No solvent residuals were detected by gravimetric thermal
analysis.

Luminescence measurements at various temperatures were
performed as described elsewhere.31,43,44 The samples were
inserted into a cryosystem kept under vacuum throughout
measurements.44 The experimental temperature range was
15-405 K. Electronic absorption spectra of all probes, in
solution or dissolved in polymer matrices, were recorded on a
Hewlett-Packard 8452 spectrophotometer at room tempera-
ture. A 1.0 cm optical pathway quartz cuvette was employed
for solutions.

III. Results and Discussion
Theoretical Background. Early studies showed

that the temperature dependence of the phosphores-
cence intensity of probes in both solvents45 and poly-
mers46 was controlled by the extrinsic matrix barriers
to torsion motions of the probe. Under steady-state
conditions, in the absence of quenchers and oxygen (10-5

mmHg) and at low probe concentrations (10-4 mol L-1),
the phosphorescence quantum yield, φPh, can be repre-
sented by

where φST is the quantum yield of intersystem crossing,
and the rate constants kPh and knr are associated with
phosphorescence emission and all nonradiative deacti-
vation processes (internal conversion and intersystem
crossing), respectively. If any spectrum shift was ob-
served, the temperature dependence of φPh would be
monitored by the phosphorescence emission intensity,
IP. Separation of the nonradiative deactivation rate
constant, kN, into temperature-independent and ther-
mally activated components leads to the Arrhenius-like
expression:

where I0 is the phosphorescence intensity at a lower
temperature, where it becomes temperature-indepen-
dent. We are assuming this condition at 15 K, the lowest
temperature employed in this work. The apparent
activation energy, Ea, is associated with the nonradia-
tive process controlled by the matrix-dependent energy
barrier to motion of the probe.45 Alternatively, and more
useful, the equation is expressed in a logarithmic form:

In the present work, the phosphorescence intensity
values were obtained as the area element dimensioned
5 nm around the phosphorescence, λmaxPh, or fluores-
cence, λmaxF, maximum of every probe spectrum: Xt at
435 nm, Bp at 445 nm, F0 at 405 nm (λmaxF) and 495
nm (λmaxPh), F7 at 410 nm (λmaxF) and 500 nm (λmaxPh).
The activation energy, Ea (Tables 3 and 4), was obtained
from the slope of the Arrhenius plot defined by eq 3. It
is important to point out that the Arrhenius plot will
be linear only if a single apparent activation was
involved in the entire process.

Spectral Properties of the Probes in the Poly-
mer Films. Luminescent spectra of each probe dis-
solved in poly(n-alkyl methacrylate)s and polystyrene
are showed in Figure 1. The Xt (λmaxPh ≈ 400-404 nm)
and Bp (λmaxPh ≈ 412-416 nm) wavelength peaks for
phosphorescence spectra (Figure 1, A and B, respec-
tively) are within the experimental error range (Table
2). On the basis of these spectral profiles, the low-lying
triplet state can be ascribed to π-π* and n-π* transi-
tions for Xt and Bp, respectively. A similar trend as seen
for PS was also obtained for F0 (Figure 1C) (472-469
nm) and F7 (470-473 nm) (Figure 1D) in PS and poly-
(n-alkyl methacrylate)s (Table 2).37,48 Comparing the
similarity among the phosphorescence spectra for these
probes either in PS or in poly(n-alkyl methacrylate)s,
we can assume that they are also located in low-polar
environments of the polymer matrices. Moreover, com-
pared to nonpolar solvents, the phosphorescence spectra
of these molecules dissolved in the polymer matrices
were always shifted to the red. Similar red shifts were
reported for aromatic hydrocarbons in polyethylene,
compared to aliphatic solvents, that were explained by
the higher polarizability of the polymer matrix com-
pared to the normal solvents.48

In addition to the phosphorescence emission, F0 and
F7 dissolved in the poly(n-alkyl methacrylate)s exhib-
ited an extra broad band with maximum emission at
ca. 400-412 nm. These bands were observed at the
wavelength range reported for the fluorescence emission
of protonated molecules37 (Table 2) (λmaxF at 405 and
416 nm for F0 and F7, respectively). Although the poly-
(n-alkyl methacrylate)s are well-known basic polymers,
the presence of acidic groups in our samples has also
been detected by other basic dyes. As described earlier,
an exhaustive extraction processes was unable to re-
move these groups that were attributed to some copo-
lymerized acid groups remaining in the polymer chains.41

The dual fluorescence and phosphorescence emissions
for F0 and F7 molecules in poly(n-alkyl methacrylate)s
were due to the distribution in two types of polymer
microenvironments. Some molecules were located in
acidic sites, interacting by hydrogen bonding with the
matrix and exhibiting mainly fluorescence emission. The
other portion of the molecules was located in nonprotic
low-polar sites, presenting the usual phosphorescence
emission, similar to that in a PS matrix. The low
polarity of these sites requires that the probes are
surrounded by the alkyl segments of the polymer side
chain. As a consequence of this heterogeneous probe
distribution, every probe assembly is detecting relax-
ation processes of different regions of the polymer
matrix. Heterogeneous dye distribution in polymer
matrices has also been observed in other polymer
systems where the specific dye/polymer interaction is
the driving force controlling the dye distribution.49

Table 1. Glass Transition Temperatures (DSC) and
Molecular Weights (by GPC) for the Polymer Films

Tg (K)
Mn × 10-4

(g mol-1)
Mw × 10-5

(g mol-1) polydispersity

PS 378 7.1 1.8 2.5
PMMA 368 9.2 2.4 2.6
PEMA 337 7.5 1.6 2.1
PBMA 298 4.7 1.1 2.3

φPh ) φST[kPh/(kPh + knr)] (1)

1/IP - 1/I0 ) B exp(-Ea/RT) (2)

log[1/IP - 1/I0] ) -Ea/RT + C (3)
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In discussions of photochemical reactions of aromatic
ketones dissolved in polymer matrices, several processes
have been reported,5,11,12,22-24,33,38,39 including hydrogen
abstraction. As indicated earlier, benzophenone exhibits
well-known photochemical properties in several polymer
media, and the temperature dependence of the triplet
state decay profiles is controlled by the polymer matrix
relaxation.11,12,38 In hydrogen-donating matrices, the
hydrogen abstraction may produce a ketyl radical and
probe photodegradation, while in the case of non-
hydrogen-donating matrices (like PMMA) those changes
of the decay profiles were ascribed to the quenching by
the ester groups.39 In the present work, photodegrada-
tion of every probe was evaluated by measuring the
emission spectra at several temperatures for 4 h which
was the interval spent during an entire heating cycle
of samples performing sequential spectral records. Dur-
ing this period no significant change of the emission
intensity was observed. Furthermore, no spectral changes
of the absorption spectra were detected before and after
every experiment. From these two types of experiments,
we consider that, under our experimental conditions
(low oxygen pressure, low irradiation intensity, and low
probe concentration), the most significant changes of
emission intensities were due to the temperature de-

pendence of the probe photophysical properties instead
of their photochemical reactions.

Relaxation Processes in PS. The temperature
dependence of the phosphorescence emission was ini-
tially studied for each probe in PS, as a nonpolar model
medium, for which the only observed emission was the
phosphorescence. The linear temperature dependence
and the corresponding Arrhenius representation of the
normalized IP are shown in Figure 2. I0 was taken at
15 K.

The probes exhibited a monotonic deactivation with
the increase of temperature, but a remarkably faster
process was always observed for Xt. Considering the

Table 2. High-Energy Maximum Emission Wavelength (nm) for Phosphorescence (Ph) and Fluorescence Emissions (F),
λmax

a, and Triplet Energy (kJ mol-1), ET,b of Probes Sorbed in Polymer Films

λmax (nm) (probe) polar solvents (ET) nonpolar solvents (ET) PS PBMA PEMA PMMA

λmaxPh (Xt) 405b (310) 388b (310) 404 400 401 402
λmaxPh (Bp) 390b (287) 420b (287) 416 415 414 412
λmaxPh (F0) 469c (262) 465c (262) 472 470 471 469
λmaxF (F0) 405d (∼300)d 410 412 404
λmaxPh (F7) 469c (267)c 465c (267)c 473 472 471 470
λmaxF (F7) 416d (∼300)d 412 402 398

a (1 nm, at 75 K. b From ref 59; polar glass (EPA). c Nonpolar glass (3-methylpentane).60 d Polar glass (EPA), nonpolar glass
(cyclohexane).45 e ES1: pH 0.0 (T ) 298 K).37

Table 3. Transition Temperaturesa and Apparent
Activation Energies (Ea)b (kJ mol-1) for Probes Sorbed in

PS Films

Xt Bp F0 F7

γ′-relaxation T (K) 100 108 112 112
Ea (kJ mol-1) 7 4 2 3

γ-relaxation T (K) 144 179 183 196
Ea (kJ mol-1) 20 12 9 11

â-relaxation T (K) 197 317 291 317
Ea (kJ mol-1) 52 43 76 100

a Error (5%. b Error (10%.

Table 4. Transition Temperaturesa-c and Apparent
Activation Energies (Ea)b,c (kJ mol-1) (in Parentheses) for

Probes Sorbed in Poly(n-alkyl methacrylate)s

Xt Bp F0 F7

Tγ (K) PMMA 143 (9) 148 (8) 153 (5) 156 (4)
168 (4)* 181 (3)*

PEMA 118 (6) 122 (4) 129 (2) 139 (2)
PBMA 102 (7) 112 (5) 111 (3) 114 (4)

Tâ (K) PMMA 213 (32) 230 (29) 230 (20) 226 (22)
265 (12)* 263 (11)*

PEMA 179 (25) 195 (15) 217 (12) 225 (12)
PBMA 152 (32) 167 (21) 208 (16) 199 (15)

TR (K) PMMA 325 (71) 337 (68) 343 (60)
375 (4)* 360 (3)*

PEMA 305 (77) 294 (45) 299 (48)
PBMA 245 (62) 275 (62) 265 (67)

a Error (5%. b Italic temperature value indicates complete
quenched signal; the correspondent Ea values are roughly esti-
mated; * obtained from fluorescence intensity. c Error (10%.

Figure 1. Phosphorescence spectra of the probes in PS (s),
PMMA (4), PEMA (*), and PBMA (b). (A) Xt (λexc 340 nm),
(B) Bp (λexc 340 nm), (C) F0 (λexc 320 nm), (D) F7 (λexc 320 nm).
T ) 75 K.

Figure 2. (A) Temperature dependence of the normalized
phosphorescence intensity of probes in PS films. Arrhenius
plots for IP × 1/T for (B) Xt (*), Bp (0) and (C) F0 (b), F7 (0).
I0 was taken as 15 K.
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slope changes of the Arrhenius plots, at least three
regions were observed for the temperature dependence
of the phosphorescence emission. The lower temperature
slope change was observed at ca. 100 K and attributed
to the onset of motions of small groups containing two
or three methylene or end phenyl units of polystyrene,
representing the Tγ′ relaxation processes (Table 3).50 It
is noteworthy that the onset temperature increases with
the molecular size, a typical behavior also observed for
the other relaxation processes. The similarity of the Ea
(ca. 3-7 kJ mol-1) obtained for all probes is reflecting
the sensitivity of these phosphorescent molecules to the
small range motions of the polymer chain.

The next slope change occuring at 180 K was assigned
to the γ-relaxation (Tγ) involving rotational motions of
the phenyl rings.5,22,38 It has been reported that the
temperature dependence of 3Bp* phosphorescence showed
a transition at 178 K, in excellent agreement with the
179 K determined by the present work.22,50 The reported
3Bp* quenching mechanism was based on the energy-
transfer process involving phenyl/carbonyl exciplex
formation. An adequate orientation and short distance
for both the acceptor polymer group (ester and phenyl
groups) and the probe moiety (donor)38 have defined the
requirement for the mechanism. In the case of polysty-
rene, the necessary orientation to form the exciplex
structure was only achieved when the phenyl group’s
rotation was allowed by the γ-relaxation process.50

Studies of enones in glassy solvents showed that the
torsional barrier of the solvent matrix controlled the
temperature dependence of the phosphorescence inten-
sity.45

The apparent activation energy values for the tem-
perature dependence are also in a similar range, around
12 kJ mol-1 (3Bp*), 9 kJ mol-1 (3F0*), and 11 kJ mol-1

(3F7*), except for 3Xt* (20 kJ mol-1), revealing a
similarity among the quenching processes. Moreover,
the 3Xt* phosphorescence emission was almost com-
pletely quenched at T > 197 K, revealing a higher
efficiency quenching of this molecule, in addition to its
ability to detect lower onset temperatures (Table 3).

The higher temperature transition was observed
around 310 K, and then every probe was completely
deactivated. This temperature has been attributed to
the onset of the â-relaxation process (290 K), assigned
to motions of small segments of the main chain.38,51 The
calculated apparent activation energy values were
distinct for each probe, revealing the different pathways
for the deactivation of the triplet molecules induced by
these relaxation processes (Table 3).

In addition to the exciplex formation involving the
probe carbonyl group and polymer phenyl ring, several
other types of quenching processes of carbonyl molecules
should be considered. Among them, we must consider
quenching by molecular oxygen, hydrogen abstraction
reaction by the ketones configured by the n-π* transi-
tion,38 and conformational changes of the probes induced
or allowed by the polymer relaxation processes. Then,
the relative importance must be evaluated, since all of
these can increase the efficiency of the quenching
processes, changing the slope of the Arrhenius plots.

The relative importance of the quenching by molec-
ular oxygen was initially neglected because the samples
prepared by casting were dried in a vacuum oven; the
measurements were performed at low pressure (10-4

mmHg) under continuous pumping during both the
heating and the cooling cycles. Although we did not

measure the decay of the ketyl radicals eventually
produced by hydrogen abstraction, we are assuming
that the efficiency of this process is low due to the lower
molecular decomposition under our experimental condi-
tions.38,52 Actually, we did not succeed in detecting any
probe degradation after the experiments. Thus, we
attributed these slope changes to modifications of probe
photophysical properties induced by the polymer relax-
ation processes. It was pointed out by Horie et al.38,39

that the rate constant for hydrogen abstraction by the
benzophenone triplet from the polystyrene was very
small compared with the quenching rate constant for
the same molecule in solution. Following this statement,
we are assuming that the lower photochemical efficiency
cannot explain the temperature dependence and the
discontinuity of the Arrhenius plot compared to the
photophysical quenching of the triplet ketones.

In conclusion, we ascribed the higher temperature
relaxation process to the free rotation of the probe
phenyl moieties allowed by the free volume produced
by rotation of longer macromolecular segments.

Relaxation Processes of Poly(n-alkyl methacry-
late) Films. Following the same approach described for
the photophysical behavior of the probes in PS, the
linear and the Arrhenius plots represent the tempera-
ture dependence of the normalized phosphorescence
intensity for each probe in poly(n-alkyl methacrylate)
matrices (Figures 3, 5, and 6). The temperature transi-
tion (intercept) and activation energy (slope) defined for
each probe are presented in Table 4. Moreover, we
observed dual emissions for F0 and F7 in poly(n-alkyl
methacrylate)s (Figure 1), and thus, we also obtained
the linear and Arrhenius plots for fluorescence emission
(Figure 4).

Again, the slope changes of the Arrhenius curves for
the phosphorescence emission reflect modifications of
the quenching process efficiencies of the excited triplet
state convoluted with polymer relaxation processes.
Similar to polystyrene, at least three different regions
for the temperature dependence of the phosphorescence
intensity of each probe (poly(n-alkyl methacrylate)) were
detected, assigned as γ-, â-, and R′-relaxations, toward
higher temperatures (Figures 3, 5, and 6) (Table 4).5,11,12,38

The lower temperature processes (γ-relaxation), Tγ,
were attributed to rotation of the R-methyl groups bound
to the main chain (Scheme 2).22,38 Again, the onset
temperature for R-methyl relaxation for PMMA in-

Figure 3. (A) Temperature dependence of the normalized
phosphorescence intensity of probes in PMMA films. Arrhenius
plots for IP × 1/T for (B) Xt (*), Bp (0) and (C) F0 (b), F7 (0).
I0 was taken as 15 K.
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creases with the probe size, from 143 K (Xt) to 156 K
(F7), in agreement with other reported values.22 The
higher onset temperatures observed for F0 and F7 were
explained by the self-protection of the probe moiety
produced by their phenyl substituent inhibiting the
exciplex formation between the probe moiety and the
polymer segment. Then, the size of the polymer n-alkyl
segments (48-99 Å3) involved with the relaxation
process must be larger than the size of the probe
substituent group (phenyl group 75 Å3) to produce a
significant modification of the probe photophysical
properties. If the additional free volume will not be
enough to allow the librational mode of the substituent
group, the probe will be less sensitive to the polymer
relaxation process.

The calculated values of the apparent activation
energies for the flavone (F0 and F7) triplet state
quenching produced by the R-methyl relaxation were
lower than for Xt and Bp (Table 4).22 Furthermore, both
the temperature and the activation energy decrease
with the increase of the alkyl side group along the
methacrylate series. This general trend suggests that
the larger available free volume for longer n-alkyl-
groups (vw ) 99 Å3) makes more favorable the rotations
of both the R-methyl and the alkyl side groups. Assum-
ing this as a reason for lower flavone activation energies,
we considered that the phenyl moieties of these larger
molecules, absent in both Bp and Xt, were responsible
by an additional pathway for the quenching processes.

The next slope change, observed around 220 K for
PMMA, was attributed to â-relaxation (Tâ). The value
for the onset temperature was also dependent on the
size of the polymer n-alkyl side group, and again, larger
molecules detected the onset at higher temperatures.

The PMMA onset temperature was detected at 230 K
from the slope change (Table 4), in agreement with
values reported for PMMA, ca. 233 K.38 The â-relaxation
was attributed to motions of the ester moieties in poly-
(n-alkyl methacrylate)s, suggesting that the main con-
tribution to the quenching mechanism was the energy
transfer from probe moiety to the PMMA ester
group.5,11,12,38

The triplet energy level reported for PMMA is ET )
297-301 kJ mol-1;53,54 this quenching mechanism is
more efficient to 3Xt*, ET 310 kJ mol-1, than 3Bp*, ET
287 kJ mol-1, 3F7*, ET 267 kJ mol-1, and 3F0*, ET 262
kJ mol-1, roughly in the same order of the onset
temperatures probed for the â-process. As emphasized
by Horie et al., the quenching involving the non-single-
exponential decays for benzophenone was only observed
for probes with the triplet state energy lower than the
polymer matrix, and the main quenching mechanism
involved the energy-transfer processes from the probe
to the polymer ester moieties.55 It is worth noting that
Horie et al. analyzing the system 3Bp*/PMMA by triplet
transient spectroscopy supported that the diffusion
process below Tg was caused by rotation of the Bp and
segmental motion within a few monomer units of the
matrix polymer at short distance.55

In addition, it was recently reported that the â-process
in PMMA occurred by preferential flip of the side group
and that it was coupled, to some extent, with the main-
chain motions (R-process) (Scheme 2).6 The coupling
mechanism between R- and â-processes in poly(n-alkyl
methacrylate)s has been studied considering several
types of experimental techniques and the relative
importance of the n-alkyl side groups.10,56 As an ex-
ample, two simultaneously and coupled R- and â-pro-
cesses were reported for PEMA at T > Tg, whereas only
one process, a â-process, was observed below Tg.10 3Xt*
was completely quenched at T > Tâ, showing a very high
quenching efficiency from the oscillation of the n-alkyl
group of the polymer chain. Furthermore, a longer
n-alkyl group made easier both the flip motions of these
segments and the coupling with the rotational motion
of the main-chain motion (R-process). Consequently, Tâ
was expected at lower temperatures for longer n-alkyl
methacrylate. Since we have postulated a convolution
of alkyl group and probe sizes, the efficiency of the
quenching process should be higher for the smaller (Xt
and Bp) as opposed to the larger molecules (F0 and F7)
and must be higher for longer n-alkyl segments.

Although the Tâ temperature values determined by
several techniques were similar, the apparent activation
energies were 29 and 32 kJ mol-1 for 3Bp* and 3Xt*,
respectively, which are completely different from those
determined either by dielectric relaxation, 74 kJ mol-1,10

or by multidimensional 13C NMR, 72 kJ mol-1.9 Differ-
ences of activation energies determined by different
techniques for the same type of relaxation process reflect
differences in the kinetic description of the phenomenon
and may be attributed to differences in the nature of
the involved processes.57 However, the apparent activa-
tion energies determined using luminescence techniques
are very similar to the values determined in the present
work for all relaxation processes.22-25

The higher temperature relaxation determined from
the temperature dependence of the phosphorescence
emission was at ca. 325-343 K. Again, larger molecules
were suffering photophysical changes at higher tem-
peratures, and longer alkyl side groups decrease the

Figure 4. (A) Temperature dependence of the normalized
fluorescence intensity of F0 (b) and F7 (0) in PMMA. (B)
Arrhenius plots for IP × 1/T for F0 (b) and F7 (0). IF0 was
taken as 15 K.

Scheme 2
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onset temperatures. This was ascribed to R′-relaxation
for poly(n-alkyl methacrylate)s and was interpreted as
coupled main-chain and side-group motions occurring
below Tg.10 For PMMA, the onset temperatures (TR′)
were 325, 337, and 345 K for 3Bp*, 3F0* and 3F7*,
respectively, far below the PMMA Tg, ca. 367 K.11,12,22

It was also reported that the TR′ for the 3Bp*/PMMA
system was observed at 313 K.53 Similarly to PMMA,
the onset of the R′-relaxation process for other poly(n-
alkyl methacrylate)s followed a sequential decrease of
the temperature for longer alkyl side groups and always
occurred at temperatures below the glass transition. As
stressed earlier, larger probes detected higher onset
temperatures that were attributed to their sensitivity
to coupled motions of shorter and longer segments of
the polymer chain.

We observed fluorescence emission of flavones (F0 and
F7) dissolved in the poly(n-alkyl methacrylate)s (Figure
5) that was attributed to their protonated forms.37 A
probe distribution in the polymer matrix was assumed
among the nonprotic phosphorescent and protic fluo-
rescent sites. Following the same approach, we analyzed
the temperature dependence of the fluorescence inten-
sity and the slope changes of the linear or Arrhenius
plots defining the onset temperature for relaxation
processes of the polymeric fluorescent sites. Since the

flavone fluorescence emissions in PEMA and PBMA
were very weak, only results with PMMA are presented
and discussed (Table 3). The relaxation temperatures
determined using the temperature dependence for the
fluorescence emission for both flavones were always
higher than for phosphorescence emissions, revealing
that these probes in those sites were submitted to
different interactions with the polymer chains. For
example, the PMMA γ-relaxations were detected at 265
and 263 K, respectively, with similar Ea of 12-11 kJ
mol-1 (Table 4) by the fluorescence intensity of the
protonated flavones 1F0* and 1F7*.

The phosphorescence emissions of F0 and F7 in
PMMA were completely quenched at T > 350 K while
their fluorescence emissions remained detectable at 400
K, above the PMMA glass transition temperature. Using
the temperature dependence of the fluorescence emis-
sion, another transition at 360 ( 5 K was detected that
was coincident with the PMMA glass transition mea-
sured by DSC. Since the fluorescence emission was
occurring in protic sites, we assumed that the mecha-
nism required long-chain motions including eventual
rupture of interchain hydrogen bonds.

As reported earlier,29,31 fluorescent molecules are
more useful than phosphorescent ones to follow higher
temperature polymer relaxation processes due to their
shorter lifetime and different quenching mechanisms.
The quenching mechanisms for shorter-lived electronic
states require an acceptor energy group in the immedi-
ate vicinity of the donor moiety, either forming an
exciplex during the lifetime of the singlet state or
creating alternative radiative energy-transfer process
pathways. Changes in the slopes of the Arrhenius plot
must be related to modifications of these quenching
efficiencies. Since the free volume produced by the
coupled alkyl ester group and main-chain motions were
large, the rotation of probe substituent groups should
be completely free, being the principal pathway for
complete deactivation.

IV. Conclusions

The aim of this work was the study of photophysical
properties of four luminescent carbonyl molecules (xan-
thone, benzophenone, flavone, and 7-methoxyflavone)
with different shapes and sizes, dissolved in polystyrene
(nonpolar) and poly(n-alkyl methacrylate)s (polar)
(PMMA, PEMA, and PBMA) matrices. The photophysi-
cal properties of these molecules were dependent on the
probe-polymer interactions, and particularly for fla-
vones in poly(n-alkyl methacrylate)s, both fluorescence
and phosphorescence emissions were observed. Then,
while flavones (F0 and F7) were distributed among
protic and polar nonprotic sites, exhibiting fluorescence
(protonated) and phosphorescence (neutral) emissions,
respectively, xanthone and benzophenone have not
exhibited spectral differences.

We also studied the temperature dependence of the
emissions in an attempt to correlate these data to
several possibilities of polymer relaxation processes.
These processes modified the photophysical efficiencies,
which was reflected in changes of the Arrhenius plots
for the temperature dependence of the emissions.
Changes of the quenching pathways relative efficiencies
were explained by the convolution of several factors,
including the free-volume changes produced by the
polymer side group, the relationship between the mo-
lecular probe and the polymer segment sizes, and the

Figure 5. (A) Temperature dependence of the normalized
phosphorescence intensity of probes in PEMA films. Arrhenius
plots for IP × 1/T for (B) Xt (*), Bp (0) and (C) F0 (b), F7 (0).
I0 is taken as 15 K.

Figure 6. (A) Temperature dependence of the normalized
phosphorescence intensity of probes in PBMA films. Arrhenius
plots for IP × 1/T for (B) Xt (*), Bp (0) and (C) F0 (b), F7 (0).
IF0 was taken as 15 K.

Macromolecules, Vol. 32, No. 19, 1999 Polystyrene and Poly(n-alkyl methacrylate)s 6099



orientation and distance for the exciplex pair formation.
Therefore, the apparent activation values were related
to the convolution of all these effects.

We are assuming that the systematically lower Ea
values obtained for flavones indicate a weaker coupling
between probe and the shorter polymer segments,
producing a less efficient quenching process. In other
words, the presence of the phenyl substituent in the
benzopyrone ring inhibited coupling with the ester
group required to form the ring-ester exciplex neces-
sary for the quenching process. Indeed, the less pro-
tected 3Xt* and 3Bp* moieties (smaller molecules) were
efficiently quenched at lower temperatures, demonstrat-
ing a higher sensitivity to motions of shorter polymer
segments as the onset of the polymer side-group (â-
relaxation process) flip motions. Furthermore, since the
flavone fluorescence and phosphorescence emissions
were ascribed to molecules interacting differently with
the matrices, the onset temperatures and the slope
changes were assigned to different polymer relaxation
processes. In conclusion, by using a probe with dual
emissions sensitive to different sites such as polar
nonprotic and polar protic microenvironments, we were
able to detect each polymer relaxation process.

The relative importance of the polymer side-group size
for relaxation processes was demonstrated by the se-
quential decrease of the relaxation temperatures with
the increase of the n-alkyl-group size for PMMA, PEMA,
and PBMA homopolymers. Nevertheless, the apparent
activation energy involved with every relaxation pro-
cesses was not following any sequential trend for an
individual probe, suggesting that the precise interpreta-
tion of this parameter requires additional information
about the specific probe-polymer interaction. Among
the effects involved with the whole phenomenon, we
should consider the convolution of the thermal-activated
motion of the polymer side group (dependent on its size),
the side-group/main-chain coupled motions, and the
quenching efficiencies of the ester/probe exciplex formed
during the probe excited state.

In conclusion, the results reported here showed that
the polymer relaxation processes could effectively modify
the photophysical properties of molecular probes. De-
spite the complexity of these processes, the results
showed that the onset temperature for every relaxation
processes could be determined. Taking into account that
smaller molecules (Xt and Bp) were sensing the onset
temperatures of shorter segments, larger probes (F0 and
F7) were sequentially sensing the coupled short- and
main-chain motions. These results confirmed the rel-
evance of changing the molecular structure (shape and
size) to follow polymeric motions during secondary
relaxation. Additionally, they were showing that either
phosphorescent or fluorescent probes may be used to
follow lower temperature relaxation processes, but
fluorescent one were useful for higher temperature
processes.
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