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Temperature Dependence of Poly(phenylsi1oxane) Fluorescence. 
1. Comparison of Poly(methylphenylsi1oxane) with Its Dimeric 
and Monomeric Model Compounds 
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ABSTRACT The dependence on temperature of the poly(methylphenylsi1oxane) (PMPS) fluorescence has 
been studied in the interval 5-60 "C and compared with other similar systems. The excimer to monomer 
intensity ratio (ZE/ZM) of PMPS dilute solutions shows linear Arrhenius plots with positive slope, but ZE and 
ZM separately give double linear plots with break points ascribed to  a transition temperature. Such behavior 
has not been found for polystyrene solutions which give single lines for the three magnitudes. In order to 
interpret the origin of the transition behavior of PMPS, the fluorescence of low molecular weight compounds 
serving as models for the dimeric and monomeric units of the PMPS chain has also been studied. The dimeric 
analogue, 1,3-diphenyltetramethyldisiloxane (DS), reproduces the habit of the PMPS Arrhenius plots with 
a more abrupt discontinuity for ZM. The monomeric analogue, methoxydimethylphenylsilane (MS), gives ZM 
Arrhenius plots formed by single lines, without any discontinuity. Both PMPS and DS show an isosbestic 
point below the transition temperature that  disappears above it. To  explain those results, a polymer effect 
has been ruled out. It seems more likely that a t  the transition temperature, T,, a new mechanism for excimer 
dissociation with higher activation energy begins to be operative. 

Introduction 
The excimer to monomer intensity ratio ( I E / I M )  of 

aromatic synthetic polymers is temperature dependent. 
Arrhenius plots of I E / I M  in a broad temperature range 
show a maximum with two limits of linear be- 
havior: those of low and high temperatures. At  low tem- 
perature, it is generally assumed that excimer dissociation 
is negligible and the slope of the I E / I M  Arrhenius plot 
provides then the activation energy for excimer formation. 

In the high-temperature limit, it is supposed that there 
is an apparent excited state equilibrium between mono- 
mers and excimers and therefore the excimer binding en- 
thalpy is calculated from the I E / I M  Arrhenius plot. This 
hypothesis has been severely critici~ed.~" It has been ac- 
cepted for small molecules that exhibit an isoemissive 
pointy1 but in polymer solutions radiationless decay of 
monomer and excimer plays an important role and the 
ismmissive point is usually not observed at  high temper- 
ature because the excited state apparent equilibrium is 
disturbed. 
Poly(methylphenylsi1oxane) (PMPS) fluorescence 

spectra show monomer and excimer emissions in dilute 
solution.8 In this work we have found that it gives linear 
IE/IM plots typical of the high-temperature limit, in the 
interval 5-60 "C. But I M  and I E  separately give, in con- 
trast, abrupt discontinuities that have not been found, for 
example, for polystyrene (PS), the organic-backbone 
polymeric analogue of PMPS. In order to determine 
whether it is a polymer effect or not, in this work we 
compare the temperature dependence of the PMPS 
fluorescence spectrum with those of its dimeric and mo- 
nomeric model compounds. 

Experimental Section 
PMPS was kindly provided by Dow Corning Co. ( M ,  = 1.15 

X lo6, M,/Mn = 1.71 after fractionation).* The monodisperse 
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P S  sample was from Pressure Chemical Co. ( M ,  = 1.11 x IO5, 
Mw/Mn = 1.05). Both were purified by precipitation to eliminate 
monomer impurities. 

Solvents used, cyclohexane (Ch) and dioxane (Dx) of special 
quality for fluorescence, were purchased from Carlo Erba. 

1,3-Diphenyltetramethyldisiloxane (DS) and methoxydi- 
methylphenylsilane (MS) (Scheme I) have been synthesized with 
chlorodimethylphenylsilane (CS) from Fluka A. G. To  prepare 
the dimeric analogue DS, the reagent CS is mixed with etha- 
nol-potassium hydroxide. The reaction is fast and occurs with 
phase separation. The most viscous phase is separated and 
dissolved in cyclohexane (Ch). The DS solution is then washed 
several times with water, dried with MgSO,, and concentrated 
by solvent evaporation. The fiial product has been characterized 
by IR, 'H NMR, and mass spectrometry. The monomeric model 
compound MS has been obtained by dripping CS into a large 
volume of dioxanemethanol with 10% v/v alcohol. Once isolated 
by solvent evaporation, MS has been characterized by IR spec- 
troscopy. Fluorescence and absorption spectra confirm that MS 
is free of DS contamination. 

UV absorption spectra were recorded with a Shimadzu UV-240 
spectrophotometer. Fluorescence spectra were taken on a Per- 
kin-Elmer LS-3 emission spectrophotometer. Two experiments 
with aerated and oxygen-free solutions were run. Nitrogen 
bubbling increases the emission intensity by about 20% but does 
not modify the temperature dependence more than the experi- 
mental error. Solutions with optical density of about 0.5 have 
always been employed. Monomer and excimer emission intensities 
were measured as the height of the corresponding peaks at  the 
wavelength of the maximum (285 and 325 nm, respectively). 
Attempts to  correct the emission intensities for spectral overlap 
have also been made. The mutual influence of monomer and 
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Figure 1. Absorption spectra of PMPS (---) and DS (- - -) in 
Ch solution and MS (-) in Dx. 

excimer bands at their respective maxima has been calculated 
using as references the spectra of MS and of a PMPS unswollen 
network which gives only excimer emission.* The following re- 
lations result for corrected excimer ( IE)  and monomer (IM) 
fluorescence intensities: 

ZE = 1325 - O.3OZ285 

ZM = Z286 - 0 . 1 0 Z 3 2 5  

Uncorrected ZE and ZM values (1325 and I%, respectively) give 
the same temperature dependence. The slopes of the Arrhenius 
plots and the transition temperatures calculated with corrected 
and uncorrected intensities differ in no more than the experi- 
mental error. 

Results 
Absorption spectra of PMPS dilute solution overlap with 

those of DS and MS with only slight differences in the 
vibrational resolution (Figure 1). Fluorescence spectra 
of PMPS and DS dilute solutions show excimer and mo- 
nomer emissions. The electronic spectra of siloxanes are 
analyzed in ref 8. 

The ratio I E / I M  is, as expected, larger for the homo- 
polymer than for DS: at  25 "C, in Ch oxygen-free solu- 
tions, with optical density of 0.51 in both cases, I E / l h l  is 
5.1 for PMPS and 1.55 for DS. Dilute solutions of MS give 
only monomer emission peaking at  285 nm. 

Figures 2-4 show the temperature dependence of the 
PMPS fluorescence intensity compared with that of 
polystyrene (PS), DS, and MS dilute solutions. Arrhenius 
plots of the I E / I M  ratio are linear for the three cases con- 
sidered (Figure 2), but the slopes are of different signs, 
which means that excimer dissociation plays a different 
role for PS and for siloxanes. 

Arrhenius plots of monomer and excimer emissions 
(Figures 3 and 4) for PMPS and DS show a bending point 
that is not found for PS and the monomeric model com- 
pound MS. The parallelism of the observed behavior for 
PMPS and DS means that no polymer effect is responsible 
for those discontinuities. Likewise, it is not a transition 
intrinsic to the chromophore, since MS displays a normal 
behavior. Two possible explanations remain. a t  the tem- 
perature of the discontinuity, that we will call transition 
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Figure 2. Arrhenius plot of the excimer to monomer intensities 
ratio for (0) PS in Dx, (A) PMPS in Ch, and (m) DS in Ch. 
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Figure 3. Arrhenius plot of the monomer emission intensity for 
(0) PS in Dx, (A) PMPS in Ch, (m) DS in Ch, and (0) MS in Dx. 

temperature (TJ, a new interaction between couples of 
neighbor phenyl rings is activated (a) in the ground or (b) 
in the excited state. 
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Figure 4. Arrhenius plot of the excimer emission intensity for 
(0) PS in Dx, (A) PMPS in Ch, and (m) DS in Ch. 

Discussion 
Temperature dependences of photophysical magnitudes 

with abrupt changes of slope, similar to those of Figures 
3 and 4, have been previously reported for other systems. 
It can be observed, for example, in ref 4 and l b  for poly- 
(vinylcarbazole). It has also been found for naphthyldi- 
silanese in dilute solutions, for the dimeric model com- 
pounds of polystyrene,1° and for a number of probe mol- 
ecules in polymer Poly( l-vinylnaphthalene) 
and poly(acenaphthalene) show also marked discontinui- 
ties in nonlinear Arrhenius plots of IE and IM.la 

A general conclusion can be drawn from the previous 
cases: above the transition temperature, a new mechanism 
of higher activation energy is activated. Such a new 
mechanism is a fast intersystem crossing process in the caae 
of disilanes? It corresponds to the onset of polymer lateral 
groups rotation for phosphorescent probes in solid polymer 
matrices,’l and it is related to the second excimer in 
poly(viny1carbazole).lb 

Some specific features must be considered to explain the 
nature of the siloxanes transition. PMPS and DS show 
an isosbestic point a t  temperatures below Tt that disap- 
pears above it (Figure 5) .  Isosbestic points are frequent 
in the low-temperature regime,lr3J6 but they are rarely 
observed for polymers in the high-temperature limit. They 
indicate the existence of an excited state equilibrium be- 
tween excimers and monomers in the first singlet excited 
state.16 In terms of rate constants and according to the 
Birks scheme,’ in the temperature range in which the 
isosbestic point is observed (T < TJ, excimers formation 
and dissociation are thermally activated processes,16 while 
the rate constants for nonradiative decay are independent 
of  temperature.'^^ 

We must therefore conclude that below T,, DS and 
PMPS monomer emission intensity increases with in- 
creasing temperature because excimers dissociate to ex- 
cited state monomer. Above T,, the excited state equi- 
librium is broken because thermal energy is then sufficient 
to activate excimer nonradiative decay by dissociation to 
ground state monomer. As a consequence, monomer 
emission no longer increases by increasing the temperature 
and the isosbestic point disappears (Figure 5). Some more 
studies on the nature of this high-temperature radiationless 

390 3 60 330 300 270 
h(nm1 

Figure 5. Temperature dependence of the emission spectrum 
for DS in dilute oxygen-free Ch solution. When the temperature 
is increased from 5 to 60 O C ,  It decreases. Excitation wavelength, 
260 nm. 

deactivation mechanism would be necessary. Dielectric 
and viscosity measurements on poly(phenylsi1oxanes) show 
abrupt changes of dipole moment and intrinsic viscosity 
a t  temperatures close to Tt,ll and therefore, cooperative 
motions in backbone chain bondsla will be considered as 
a possible explanation of the observed phenomenon in 
siloxane solutions. 
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ABSTRACT Thermal analysis of amorphous and semicrystalline poly(oxy-2,6-dimethy1-1,4-phenylene) (PPO) 
has been carried out from 220 to 580 K. In the solid state, glassy and semicrystalline PPO were shown to 
have the same heat capacity up to 420 K (i1.6%, 25 samples, 30 measurements). Liquid PPO follows a linear 
heat capacity dependence (400-580 K, i1.5%, 25 samples, 30 runs). Both sets of new data agree with the 
“Athas recommended data (1985) and (1980)”, respectively so that no new recommendation is made (deviation 
from the recommended solid and liquid data: -0.3% f 0.5% and +0.25% f 0.003%, respectively). Based 
on the confirmed heat capacities, a detailed glass and melting transition study has been performed. Crystals 
of PPO are, as is well-known, rather imperfect, and it is shown here that they are coupled to a large fraction 
of “rigid-amorphous” polymer, which, in turn, governs the crystal annealing. Hysteresis at the glass transition, 
low heat capacity below the glass transition of as-polymerized samples, and decrease in crystallinity with increase 
in crystal perfection on annealing below the melting temperature are described and discussed. 

Introduction 
Poly(oxy-2,6-dimethyl-1,4-phenylene) (PPO) has been 

a commercially important polymer since its discovery over 
20 years ago.12 Thermal properties of the homopolymer 
have first been measured by Karasz et al.? using adiabatic 
calorimetry. 

From 80 to 420 K, it was shown that semicrystalline and 
amorphous solid PPO had within experimental error 
identical heat capacities, C,. Since then the measurements 
have been repeated and fitted to the vibrational spectrum 
of solid PP0.4-6 The group vibrations were approximated 
by single frequencies and box distributions, while the five 
skeletal vibrations were described by the 81 = 564 K and 
O3 = 40 K temperatures in a Tarasov equation.* 

Above the glass transition temperature, Tg, at 482 K, the 
liquid amorphous PPO has a higher heat capacity. The 
increase in AC, at  T for amorphous PPO was first re- 
p0rted3f’ to be 28.8 J/(K mol), close to the present Athas 
recommended value of 31.9 J / (K m~l ) .~J ’  A suggested 
absence of the glass transition for a 25% crystalline sam- 
ple3 (by X-ray) was surprising and will be shown below to 
be caused by the existence of “rigid-amorphous” PPO. A 
large number of additional C, measurements for solid and 
liquid PPO which are in agreement with the prior work 
will be presented in this research report. 

The semicrystalline PPO analyzed by Karasz et al.3 
showed a somewhat smaller heat capacity in the temper- 
ature range from 420 to 482 K than the expected one for 
solids. It will be shown here that this is a repeatable 
phenomenon, although short-time annealing will increase 
the heat capacity to the expected value. An alternative 
explanation to the original suggestion of some crystalli- 
zation below Tg will be offered. 

A melting transition endotherm at  510 K was seen for 
the semicrystalline PP0.3 From the end of melting, a first 
estimate of the equilibrium melting temperature was made 
to be 535 K. Such low melting temperature, T,, leads to 

the unusually high T,/ T, ratio of 0.9 (attributed originally 
to a low entropy of fusion). More recent  extrapolation^^-^ 
led to estimates ranging from 563 to 583 K for the equi- 
librium melting temperature, T,”. Heats of fusion, Ah?, 
were difficult to assess since PPO crystallizes frequently 
with incorporation of solvent molecules into the cry~tal.~JO 
Values of 3-10 kJ/mol have been reported (extrapolated 
to 100% cry~tallinity).~,~,ll,l~ For the present work it was 
decided that the most recent values of van den Berg and 
co-workersg are perhaps most reliable (Tm0 = -580 K, 
Ahf” = 5.95 kJ/mol). 

A wide application of PPO involves compatible blends, 
in particular with polystyrene.2 The thermal properties 
of isotactic polystyrene blended with PPO have been re- 
ported as a eutectic system.13-16 By use of mainly me- 
chanical analysis, blends with nylon 66 have been studied.17 
Effects of b r ~ m i n e ’ ~ J ~  and phosphonyllg substitution on 
the phenylene group on the glass transition have also been 
investigated by thermal analysis. 

Solution crystallization of PPO was studied,9,20 and the 
morphology of the resulting crystals has been reported.’O 
I t  is generally accepted that solvent molecules are incor- 
porated into the PPO ~rys t a l .~  Removal of the solvent on 
drying leaves severely distorted and defect c r y ~ t a l s . ~ J ~  
Melt crystallization, in contrast, has received less atten- 
tion.8 It was not possible to crystalline PPO melt in the 
narrow temperature range between Tg and T, in iso- 
thermal experiments of 8-h duration. It is reported, 
however: that nucleating agents such as anthraquinone 
or 2-mercaptobenzimidazole can cause crystallization with 
Avrami exponents of 1.6. Exposure to solvent vapors, such 
as 2-butanone, also leads to crystallization.1° 

Compared to other phenylene-containing macromole- 
cules such as poly(ethy1ene terephtha1ate):l poly(oxy- 
1,Cphenyleneoxy- 1,4-phenylenecarbonyl-1,4-phenylene) 
(PEEK) ,22 and poly(thio- 1,4-phenylene) (PPS) ,23 the 
thermal properties of PPO were less well understood. The 
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