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bstract

The phosphorescence emission of both naphthalene and pyridine can be used to detect the secondary (�) relaxation of PVC, as this relaxation
anifests by a decrease in the emission from the grafted probe at the temperatures at which the local motion at the backbone begins. In this work, an

xtensive study of the kinetic and spectral features of the phosphorescence of 4-mercaptopyridine, 4-methoxybenzenethiol and 4-mercaptophenol
roups as a function of temperature is presented. These three luminescent probes have been grafted onto PVC, with modification levels ranging

◦ ◦
rom 3% up to 46%. The phosphorescence decay from −130 C up to 30 C has been followed and both the intensity of the emission and the
pectral features have been studied as a function of temperature. The interaction between probes as the concentration increases leads in all cases
o the emission from aggregates or excimers, which have features different to those of the isolated probe. Side reactions occur when grafting the
ydroxyl containing probe, what also leads to surprising phosphorescence spectral and decay rate features.

2006 Elsevier B.V. All rights reserved.
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. Introduction

One of the main difficulties in the understanding of the
tructure of substances without long range order and out-of-
quilibrium thermodynamics is the impossibility to infer local
tructure from macroscopic properties. This is the case of glassy
olids and in particular of polymers below their glass transi-
ion temperature. Properties such as mechanical and dielectric
haracteristics and behaviours such as physical aging depend
ramatically on this point, what makes the relevance of this

ircumstance both academic and practical.

The search for characterization tools able to probe the local
tructure of glassy polymers is thus of great importance. Among

∗ Corresponding author. Tel.: +34 915622900.
E-mail address: ptiemblo@ictp.csic.es (P. Tiemblo).
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he candidates for such studies, the marking techniques 13C
MR or neutron scattering using labelled and unlabelled chains

re well known [1,2]. The inclusion, either by impregnation or
y grafting, of luminescent probes has also being explored in the
ast decade, and several authors have studied secondary relax-
tions of homopolymers, copolymers and blends by means of
uminescent probes, which were incorporated, free or covalently
ttached, to the polymer matrix [3–6]. One of many attractive
haracteristics of luminescence is the large number of available
robes with a wide variety of shapes, sizes, and photophysical
roperties that depend on the nature of the environment in which
hey are incorporated and the range of temperatures studied. The
mission of the luminescent guest is sensitive to the relaxation

rocesses related to the polymer matrix, since the emission of
he molecular luminescent probe depends on both its intrinsic
hotophysical properties and the interactions developed with the
urrounding polymer matrix. In general, a decrease in lumines-
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4-methoxybenzenethiol and 4-mercaptophenol will be called
hereafter PVC-PYR-X, PVC-OMe-X and PVC-OH-X, respec-
tively, where X denotes the modification degree. A detailed
sample description is given in Table 1. Films were prepared

Table 1
Physicochemical characterization of the PVC and the studied copolymers

Name Modifier % grafting Thickness
(�m) ± 3

PVC None – 50
PVC-OMe-7.3 4-Methoxybenzenethiol 7.3 43
PVC-OMe-46.3 4-Methoxybenzenethiol 46.3 15
PVC-OH-3.0 4-Mercaptophenol 3.0 47
PVC-OH-9.9 4-Mercaptophenol 9.9 70
PVC-OH-21.7 4-Mercaptophenol 21.7 35
Sch

ence intensity with the temperature increase is observed, and it
s theorized that enhancement of the free volume of the medium
eads to an increase in the non-radiative decay rate and conse-
uently a decrease in luminescence quantum yield. For instance,
he temperature dependence of the long-lived phosphorescent
tate has been useful to determine local motions at lower tem-
eratures, while the short lived fluorescent state has been more
seful to monitor processes taking place at higher temperatures.

The advantages of such approaches with respect to conven-
ional techniques are many-fold: high sensitivity and selectivity,
ery short time response (down to 10−9 s) and its non-destructive
haracter. However, the interpretation of the results is not
traightforward because the introduction of a medium size
olecule or chemical group in the polymer obviously alters

he local structure of the site at which grafting takes place, i.e.,
recisely at the site which will be studied by the probe [7].

In a recent paper [7] we showed how the kinetics of the
hosphorescence decay of two different luminescent probes
rafted onto the polyvinyl chloride (PVC) backbone changes
n approaching a local motion of the PVC backbone, known as
relaxation, which takes place at temperatures about −60 ◦C.

hough the detection of the motion was clear with both probes,
everal specific features led open the possibility that the local
henomena visualized in each case could be different in a subtle
ay. The most outstanding feature was the fact that the smallest
robe (pyridine) provides more information than the largest one
naphthalene), since the size of the polymer segments involved
n the relaxation process which contributes to the enhancement
f free volume, must be larger than the size of the probe to pro-
uce a significant change of the probe photophysical properties.
he phosphorescence analysis of pyridine as a function of tem-
erature seemed to indicate that contiguous modified segments
hich interact with one another do not relax, while isolated
odified segments do relax, either because isolated modified

egments display the motions characteristic of the relaxation or
ecause they are sensitive to the motions of contiguous unmod-
fied PVC segments. It was shown that a solid knowledge on
he grafting procedure and characteristics is needed if a correct
nterpretation of the results is to be made. In this work we extend

he study to other two probes, and discuss not only the kinetics
f the decay but also the spectral features of each chromophore,
hich, because of their specific chemical features, lead to very
ifferent results.

P
P
P
P

.

. Experimental

.1. Materials

Commercial bulk polymerized PVC with a weight aver-
ge molecular weight MW of 58.000 g/mol was obtained from
TOCHEM, Spain. The tacticity measured by 13C NMR was
yndio = 30.6%, hetero = 49.8% and iso = 19.6%.

.1.1. Modification of PVC
0.5 g (8 mmol) of PVC and 8 mmol of sodium salts of

-mercaptopyridine and 4-methoxybenzenethiol, respectively,
btained by reaction with sodium hydride according to a pro-
edure described elsewhere [8] were dissolved in 50 ml of
yclohexanone and the reaction started under N2-atmosphere at
0 ◦C. In the case of PVC modification with 4-mercaptophenol,
he salt was formed in situ using 12 mmol of sodiumcarbonate.

The reactions were stopped by precipitation of the mixture in
old methanol/water (2:1). The modified polymers were purified
sing THF/methanol (for samples with a degree of modifica-
ion of less than 20%) or THF/hexane (for higher modification
egree) as a solvent–precipitant system. The structure of modi-
ers and copolymers used in this work are depicted in Scheme 1.
he grafting percentage was determined using 1H-NMR spec-

roscopy. The polymers modified with 4-mercaptopyridine,
VC-PYR-9.7 4-Mercaptopyridine 9.7 42
VC-PYR-26.3 4-Mercaptopyridine 26.3 60
VC-PYR-31.4 4-Mercaptopyridine 31.4 53
VC-PYR-43.1 4-Mercaptopyridine 43.1 55
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in fact no � relaxation at all. This copolymer has a double �
relaxation (associated to Tg), one at the same temperature as
PVC (90 ◦C), and a second at 70 ◦C, which is also seen as a
shoulder in PVC.
24 G. Teyssedre et al. / Journal of Photochemistry

y casting of THF solutions and subsequent drying or by com-
ression moulding at 140 ◦C for 3 min.

.2. Photoluminescence measurements

Probes were characterized in solution using various sol-
ents and concentrations. UV absorption spectra were recorded
y means of a Shimadzu UV-265-FS spectrophotometer. Flu-
rescence and phosphorescence emission spectra of solutions
ere obtained using a Perkin-Elmer LS-50B luminescence spec-

rophotometer, and corrected by means of the response curve of
he photomultiplier.

Photoluminescence measurements on samples in film form
ere realised using a homemade apparatus as described else-
here [9]. The analysis range was [220–840 nm] and the

esolution was 4.5 nm. Phosphorescence lifetime estimation was
ade by means of a photomultiplier working in photon counting
ode. Using a thermally regulated sample holder, we achieved
easurements in the temperature range [−130 ◦C, 45 ◦C]. All

hotoluminescence measurements were made in Helium atmo-
phere at atmospheric pressure. Spectra were acquired along
ontinuous excitation or at excitation switch off with CCD
cquisition synchronized by closure of the excitation shutter.
ll spectra are represented as normalized spectra. Quantitative

nformation is provided in intensity versus temperature plots.

.3. Physical and chemical characterization of the
opolymers

.3.1. Microstructure
The chemical composition distributions of PVC modified

ith sodium thiophenolate, PVC-OMe-X, PVC-OH-X and
VC-PYR-X copolymers have been studied by 1H and 13C NMR
pectroscopy on a 300 MHz XL Varian spectrometer in deuter-
ted nitrobenzene under standard conditions at 90 ◦C, finding
hat the resulting microstructure is as in other thoroughly studied
ases [10].

.3.2. Mechanical relaxations
The dynamic mechanical analysis (DMTA) spectra of some

f the samples (see Table 1) were registered by using a Thermal
nstrument DMA 983 analyser in flexion mode from rectan-
ular strips of 6 mm × 4 mm × 0.4 mm in dimension obtained
y compression moulding. The temperature dependence of the
oss modulus was determined at 0.1 Hz, between −130 ◦C and
00 ◦C, at a heating rate of 5 ◦C min−1 and using a deformation
mplitude of 0.8 mm.

.3.3. ATR-FTIR
The spectra were recorded on the membranes using a FTIR

erkin-Elmer Spectrum-One, 10 scans and 2 cm−1 resolution.

.3.4. SEC analysis

The molecular weight analysis of some synthesised

opolymers was performed by means of size-exclusion chro-
atography using a Waters 1515 HPLC pump, Waters 2414

efractive index detector, and a set of three Waters columns with
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ominal pore sizes of 102, 104, and 106 Å. The eluent was THF
t 35 ◦C, pumped at 1 mL min−1.

More details on the physicochemical characterization can be
ound in previous work on these copolymers [11].

. Results and Discussion

.1. Dynamic mechanical analysis

Results for the mechanical loss modulus as a function of
emperature of neat PVC appear in Fig. 1, together with those
elated to PVC-OMe-5.3, PVC-OMe-36, PVC-OH-11.9 and
VC-PYR-6. The progressive substitution of chlorine atoms

eads to the gradual decrease of the � relaxation intensity. This
ecrease mostly takes place at the high temperature side of the
elaxation, so that it brings about a shift to low temperature of
he maximum of the loss tangent or loss modulus, as shown in
ig. 1. The sample in which a 36% of the Cl atoms have been
ubstituted by 4-methoxybenzenethiol groups (PVC-OMe) has
ig. 1. Mechanical loss modulus as a function of temperature for PVC,
VC-OH-12.3, PVC-PYR-6, PVC-OMe-5 and PVC-OMe-36. Stress fre-
uency = 0.1 Hz: (a) �-relaxation region; (b) �-relaxation region.
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The effect of Cl substitution on the � relaxation is qualita-
ively the same, regardless of the type of substituent. In contrast,
he � relaxation depends on the chemical structure of the nucle-
phile. As seen in Fig. 1b, and consistently with previous work
12], when substituents are bulky or able to interact strongly
ith one another, as is the case of PVC-OH, Tg increases, when

ubstituents are not able to interact as is the case of PVC-OMe,
t decreases.

Before a 36% of modification is reached, � relaxation com-
letely disappears. This, together with the fact that different
ypes of nucleophiles produce the same effect on it proves once

ore the local nature of the relaxation and the fact that with
bout a 70% of the chlorine atoms still present, the relaxation
o longer exists. This can be due either to the connection of this
ocal motion with not all, but a fraction of Cl atoms, what has
een discussed in a number of articles [13], or to the minimum
egment length necessary for the motion to take place.

In a former work, the use of certain nucleophiles as phospho-
escence probes allowing the local study of the motions in their
nvironment was proposed. 4-Mercaptopyridine, in particular,
roved to be very useful in the study of the � motion of PVC.
hen studying the � motion by DMTA at 0.1 Hz, only a broad

nvelope peaking at −41 ◦C can be seen. However, when moni-
oring the same relaxation by phosphorescence decay it appeared
hat it is constituted by two components, one at about −60 ◦C
nd the other at about −40 ◦C [7]. In fact, the shift towards lower
emperatures depicted in Fig. 1 is caused by the disappearance
f the high temperature component, rather than by an actual shift
f the relaxation to lower temperatures. In this sense, phospho-
escence decay rate proved to be more sensitive than DMTA for
robing overlapping relaxation processes.

However, the study of relaxation mechanisms from the stand-
oint of phosphorescence quantum yield and lifetime inevitably
eads to the problem of the equivalent frequency since the
bserved temperature for a relaxation depends on the frequency
sed to probe it. One of the reasons for variations in the phospho-
escence lifetime and quantum yield is linked to the competition
etween radiative and non-radiative deactivation paths of a
riplet excited state. An increase in temperature favours the inter-
ctions with nearby environment leading to a decrease in yield
nd a decrease in the apparent lifetime. It was considered that
f phosphorescence is quenched by a process somehow linked
o a relaxation, this process must happen within a time corre-
ponding to the lifetime, providing so an answer to the problem
f equivalent frequency. As for phosphorescence the lifetime
anges from 1 ms to 10 s, the equivalent frequency comes into
he range 0.1 Hz to 1 kHz. However, it has been observed [3–6]
hat in other polymers the secondary relaxations can be detected
y using fluorescent probes at temperature ranges close to those
etected by DMTA. Following the above scheme, for fluores-
ence the equivalent frequency would be in the range of GHz,
hich appears not consistent with the observations. The feeling
f many researchers is that the luminescence yield is controlled

y the increase in free volume and hence, for the equivalent
requency it is more appropriate to think in terms of equiva-
ent frequencies estimated in temperature ramp experiments; of
he order of 0.01–0.1 Hz, considering for instance the equiva-
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�
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ence between DMA and DSC when measuring the Tg, or the
quivalence between dynamic experiments (either mechanical
r dielectric) and thermostimulated techniques.

Two probes of different structure were studied in the previ-
us work: 4-mercaptopyridine and 2-mercaptonaphthalene [7].
he different behaviours of the two probes evidenced one of

he characteristics of this type of study: the local nature of the
nformation provided by each probe. Though most probably the
trong change in phosphorescence decay rate seen in the range
80 ◦C to −30 ◦C is related to the PVC �-relaxation, both the

ntensity of the relaxation, the number of components and the
ctual temperature position of each of them depends on some
r all of the following: (i) grafting reaction stereochemistry, (ii)
ocal structure modifications introduced by the graft itself (local
ree volume and stiffness), (iii) extent of the reaction (%) and (iv)
ature of the probe itself. The first three points were discussed
n the referred work. In what follows, an exhaustive study of the
hosphorescence intensity and spectral features is performed
or probes with different chemical structures, in the temperature
ange from −130 ◦C to 30 ◦C.

.2. Phosphorescence decay

.2.1. Phosphorescence decay as a function of temperature
In the preceding work, 4-mercaptopyridine was chosen as

robe because it is the one with the simplest luminescent
ehaviour; 2-mercaptonaphthalene, which is bulkier, does not
trongly differ from 4-mercaptopyridine as regards lumines-
ent decay kinetics. Fig. 2 completes the information already
ublished [7] and draws a much more complicated panorama.

Once the features of the PVC-PYR phosphorescence decay
ith temperature are understood (those depicted on the right-
and side of Fig. 2) it is possible to understand the information
rovided by probes with different chemical features. The phos-
horescence decay rate of PVC-PYR changes on reaching the
emperature region of −60 ◦C to −40 ◦C, and this is so because
n that temperature interval PVC undergoes its � relaxation, with
he subsequent increase in local mobility and in the radiationless
eactivation probability of excited electronic states.

The left-hand side of the figure shows the phosphorescence
ecay of the three other probes studied in this work. PVC-NAPH
PVC modified with 2-naphtalenethiol) exhibits a behaviour
imilar to PVC-PYR up to a 7% modification, posing no special
ifficulty. Over an 8% or 9%, the nucleophilic substitution of
hlorine atoms by the very bulky 2-naphtalenethiol is quite dif-
cult and has not been done, so no information on the behaviour
t high modification degrees is available at the moment. PVC-
H and PVC-OMe however, behave in quite a different fashion.

n the absence of the DMTA analysis shown in the preceding
ection, it could be suspected that the introduction of these two
robes creates another relaxation in PVC at much lower tem-
erature (<−100 ◦C). But this is not the case, since at least no
echanically active relaxation is detected, and consequently the
uick decay shown in Fig. 2 must be related to a relaxation
nvolving the probe itself.

In PVC-OMe, the low temperature decay is so strong that the
relaxation can be just suspected if its actual position is known.
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Fig. 2. Phosphorescence decay as a function of temperature for all the phosphorescent probes studied. The intensity was normalized to unity at −130 ◦C. Excitation
w C.
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avelength = 280 nm. PVC-NAPH refers to mercaptonaphthalene modified PV

VC-OH shows an intermediate behaviour: it certainly suffers
trong deactivation from the lowest temperature recorded but the
hosphorescence intensity at about −80 ◦C is still large enough
s to allow the clear detection of the � relaxation, especially in
he less modified sample. At this point it must be remembered
hat nucleophilic substitution of chlorine by these probes reduces
he � relaxation in a dramatic way, as seen in DMTA, so it
s not surprising that highly modified samples show little or
o manifestation of � relaxation in phosphorescence analysis,
s shown for pyridine. As both of the probes containing side
roups deactivate at very low temperature, it seems likely that
his deactivation is connected to motions of the side group, for
xample its rotation, responsible by an additional pathway for
he quenching processes.

.2.2. Phosphorescence decay rate and spectra of
VC-PYR: an aromatic probe without side group and
apable of forming aggregates

Fig. 3 shows the overall intensity and the spectra as a function
f temperature of a sample PVC-PYR- 9.7. Thorough analysis
f this probe has been already published [7]. The � relaxation
s conspicuous when monitoring the phosphorescence decay
sing grafted 4-mercaptopyridine as luminescent probe. Two
hosphorescence bands have been identified in this material,
eaking at 440 nm and in the range 485–510 nm, depending on
emperature. In Fig. 3a, a higher decay rate is observed in the
egion −70 ◦C to −30 ◦C, corresponding to the � relaxation.
urthermore, the decay of the component at 440 nm is faster

han that of the component at 485–510 nm. The double emis-

ion (at 440 nm and 485 nm) is due to the existence of isolated
robes (440 nm) and of probes forming aggregates (486 nm)
14], but not excimers. The assessed formation of aggregates is
upported by the fact that the PVC-PYR is difficult to dissolve
n tetrahydrofuran because it forms a gel.

Fig. 3. (a) Phosphorescence decay of PVC-PYR-9.7 as a function of temperature
monitored at 443 nm and at 510 nm. (b) Spectral evolution of PVC-PYR-9.7 (cps
stands for detector counts per second).
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ig. 4. (a) Phosphorescence decay of sample PVC-OMe-7.3 as a function of
emperature, monitored at 450 nm 500 nm; (b) spectral evolution.

.2.3. Phosphorescence decay rate and spectra of
VC-OMe: an aromatic probe with a side group and able to

orm excimers
Fig. 4 shows the results obtained for PVC-OMe-7.3. The

nitial phosphorescence intensity is comparable to that of pyri-
ine base probes, and higher than phenol based ones, for this
nd the other PVC-OMe sample (46.3%). However, no clear �

elaxation can be detected, as the probes are almost completely
eactivated by −80 ◦C. Contrary to PVC-PYR, a single emis-
ion is seen, which can be the envelope of several components.
n this connection it is noteworthy that as modification increases

f

P
a

Fig. 5. Phosphorescence spectra of PVC-OMe-7.3 an
hotobiology A: Chemistry 187 (2007) 222–232 227

from 7% to 46%) the phosphorescence peak shifts from 450 nm
o 473 nm at −130 ◦C, while for both modification degrees the
eak is at 490 nm at temperatures above −80 ◦C (Fig. 5).

As proposed before, the reason why the PVC-OMe system
eactivates readily before −80 ◦C while PVC-PYR shows phos-
horescence up to room temperature could be related to the
otation in the former of the methoxy side group.

In the literature it has been shown that two different phos-
horescent emissions exist for polystyrene [15], one caused
y oxidation of the chain, the other a broad, unstructured
mission near 460 nm which has been attributed to excimers
ormed by two phenyl units, being not necessarily nearest neigh-
ours [16]. By comparison with PVC-PYR results, and those
ound in the literature for polystyrene, we suggest that the
ow wavelength emission (450 nm), of the PVC-OMe family,
nalogous to that shown by PVC-PYR, originates at isolated
robes, while the high wavelength one (490 nm) corresponds
o excimers formed by nearby chromophores. It must be noted
hat the PVC-OMe family dissolves readily in tetrahydrofu-
an, even when the modification degree is 36%. Apparently no
ggregates are formed, contrary to the case of the PVC-PYR
amily.

The chemical structure of pyridine (as well as that of the
orthcoming phenol-based probe), allows significant physical
nteractions between grafted probes when they are sufficiently
lose together. The formation of these probe aggregates alters
he properties of the co-polymer, for example, it modifies its
ehaviour in solution as shown in the preceding sections. Other
roperties which can be strongly modified by the presence of
robe aggregates are those related to chain stiffness or to free
olume. On the contrary, excimers being dimeric species which
re only stable in the electronic excited state, are very interesting
rom a photophysical and photochemical viewpoint, but they are
ot however expected to affect the properties of the copolymer
s much as aggregates do.

.2.4. Phosphorescence decay rate and spectra of
VC-OH: an aromatic probe with a side group and able to
orm hydrogen bonds
The behaviour of PVC-OH is more complex than that of PVC-

YR and PVC-OMe. Figs. 6–9 show the phosphorescence decay
s a function of temperature and its spectral evolution.

d PVC-OMe-46.3 as a function of temperature.
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Fig. 6. (a) Phosphorescence decay of sample PVC-OH-3 as a function of temper-
a
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Fig. 7. (a) Phosphorescence decay of sample PVC-OH-9.9 as a function of
t
P
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i
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t
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ture, as monitored at 440 nm and 484 nm compared to results for PVC-PYR-9.3;
b) spectral evolution.

Fig. 6 corresponds to the phosphorescence of a very slightly
odified sample, only a 3% of the chlorine atoms have been sub-

tituted by 4-mercaptophenol. The PVC-OH-3 emission at low
emperature (Fig. 6b) is constituted of several bands in the range
40 nm and 600 nm (440 nm, 482 nm, 525 nm and 575 nm). As
emperature increases, the component at 450 nm quickly dis-
ppears, yielding a spectrum with peaks at 490 nm, 524 nm,
75 nm, not further modified by the increase of temperature over
80 ◦C.

Fig. 6a confirms the existence of two different decay kinet-

cs: when monitoring the phosphorescence at 440 nm a very
uick decay taking place from the lowest temperature is reg-
stered (−130 ◦C). At −40 ◦C the luminescence intensity has

l
P
i
a

Fig. 8. Spectral evolution of samples PVC-OH
emperature, as monitored at 450 nm and 493 nm compared to results for PVC-
YR-9.3; (b) spectral evolution.

lmost reached the noise level. However, if the phosphorescence
s monitored at 484 nm, the decay behaviour is more complex,
s a quick decay from −130 ◦C to roughly −80 ◦C occurs, after
hich a gentle decrease similar to that observed in PVC-PYR

akes place. A � relaxation is detected between −60 ◦C and
30 ◦C.
Fig. 7 shows the phosphorescence decay and spectral evo-

ution of PVC-OH-9.9. The spectra and overall behaviour of

VC-OH-9.9 is very similar to that of PVC-OH-3.0, except that

n the former the first spectrum at −130 ◦C is slightly less intense
t 450 nm relative to 490 nm than in the latter. This relative

-3.0, PVC-OH-9.9, and PVC-OH-21.7.
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in absolute value while that of “interacting” hydroxyl groups
increase progressively as the concentration of the probe does so
(Fig. 11). Thus, as the concentration of the grafted phenol probe
increases, the intermolecular interaction as indicated in the FTIR
ig. 9. Result of subtracting the spectrum recorded at −80 ◦C to the one obtained
t −130 ◦C for the PVC-OH samples.

ecrease of the 450 nm component is even more conspicuous
n PVC-OH-21.7 (Fig. 8).

A summary of the spectral evolution of phosphorescence in
he PV-OH series is shown in Fig. 8. As the probe concentra-
ion increases, the relative importance of both the emission at
40 nm and of the structure at 490–525–560 nm decreases and
he maximum of the emission shifts from 440 nm to 475 nm. The
40 nm emission is very sensitive to temperature (through deac-
ivation by rotation of the side group), and disappears between

130 ◦C and −80 ◦C. The structured emission is much less sen-
itive to temperature, behaving in this sense in a way similar to
he PVC-PYR or PVC-NAPH.

In Fig. 9, the spectrum of the phosphorescence which is
uickly decaying in the range −130 ◦C to −80 ◦C in the PVC-
H samples has been isolated. This has been done by subtraction
f the spectrum recorded at −80 ◦C from that obtained at
130 ◦C for samples PVC-OH-3.0, PVC-OH-9.9 and PVC-OH-

1.7. It should be noted that the component which disappears
uickly between −130 ◦C and −80 ◦C progressively broadens
nd shifts to higher wavelength as the modification degree of
he sample increases. The shift is by 30 nm when going from the
ess concentrated sample to the most.

The hypothesis has been made that in PVC-PYR and PVC-
Me the low wavelength component (at roughly 440 nm in both

ases) corresponds to a phosphorescence emission from isolated
ntities. There is another emission in both samples at roughly
90 nm, which has been ascribed to aggregates in the fundamen-
al state in the case of pyridine and to excimers in the case of
-methoxybenzenethiol. As explained before, isolated entities
n PVC-PYR are more sensitive to motions in the PVC environ-
ent than the aggregated species, as the former are surrounded

olely by PVC while the latter are in a local environment made of
VC and pyridine modified PVC. This explains why along the �
elaxation it is this component at 440–450 nm corresponding to

solated probe bearing entities which disappears more quickly.
n the case of PVC-OMe, on the other hand, the ascription of
he component at 450 nm to isolated entities and the fact that a
on-radiative deactivation path exists in this probe via the onset
hotobiology A: Chemistry 187 (2007) 222–232 229

f rotation of the methoxy side group, explains why most of the
robe is deactivated at low temperatures and why the remaining
pectrum above −80 ◦C shows peaks at 490 nm.

In the case of PVC-OH, the emissions can be divided into
wo groups: those which disappear over −80 ◦C and those that
emain conspicuous up to ambient temperature. The first group
as the characteristic of being short lived (τ < 40 ms) as com-
ared to the latter (τ > 0.3 s). We will discuss them separately.

.2.4.1. The 440 to 490 nm short lived emissions. These short
ived emissions resemble strongly the ones found in the other
wo probes: at low probe concentration it peaks at 440 nm, and as
he concentration increases a shift occurs to higher wavelength
Fig. 9). As the spectrum is broad, it is not easy to decide if the
mission is related to only one process, as would be the case
or example if the environment of the chromophores is progres-
ively changing on increasing modification degree, or if there are
ctually two bands, peaking at roughly 440 nm and 480 nm, and
hose relative contribution is changing on increasing modifica-

ion degree. Given the shape of Fig. 9, with shoulders detectable
t the two aforementioned wavelengths, and the behaviour of
he other probes, the second hypothesis is privileged and results
re discussed on this basis. Again, the lower wavelength emis-
ion can be attributed to isolated probes, while the latter can be
scribed to aggregates or excimers.

In support to this hypothesis, Fig. 10 shows the develop-
ent of hydrogen bonding detected by IR spectrometry as the

robe concentration increases. Two main absorptions, νst(OH),
re seen at 3532 cm−1 and 3327 cm−1. The latter corresponds to
ydroxyl groups interacting with the medium (the medium being
ither the chlorinated environment or other probes) and the for-
er to hydroxyl moieties isolated in an apolar environment.
he calculation of the corresponding band areas shows that

he concentration of isolated hydroxyl groups remains constant
Fig. 10. ATR-FTIR spectra of the PVC-OH series.
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ig. 11. Area of free and interacting hydroxyl groups as a function of the molar
ubstitution degree: (�) band at 3327 cm−1 and (©) band at 3532 cm−1.

pectra by the νst(OH) band at 3327 cm−1 increases and the
hosphorescence at −130 ◦C shifts from 440 nm to 473 nm. This
upports the assignment of the 470 nm component of PVC-OH
pectra to interacting/concentrated probes.

The luminescent properties of phenol and of phenol con-
aining structures have been a matter of study for a long time.
n particular, strong modifications of phosphorescence and flu-
rescence in hydrogen bonded and free phenols exist. The
uminescent features of free phenol, phenol involved in water
lusters and phenol in dimers have been thoroughly studied
17–19]. It has been shown that the probability of internal con-
ersion, which in free phenol is abnormally high, is strongly
ecreased in the interacting phenol. This is because vibrational
odes in which free hydroxyl groups are involved, are respon-

ible for the high internal conversion probability of the singlet
1, which mostly decays in this way. However, in interacting
henol, the decay of the singlet is due largely to intersystem
rossing. A straightforward implication is that phosphorescence
s compared to fluorescence is much more important in inter-
cting phenols than in free phenols. No direct correlation can
herefore be made as to the concentration of each species from
he relative intensities of their phosphorescence emission.

Emissions in the range 440–490 nm quickly disappear on
ncreasing temperature from −130 ◦C, and at −80 ◦C they have
ompletely vanished. Efficient non-radiative pathways must
xist that allow the probe to relax at such low temperatures. In the
ase of the isolated phenol probe, this can occur via the rotation
f the hydroxyl group; in the case of “concentrated” probes, it has
o be taken into account that the phenol probe is forming hydro-
en bonds with nearby phenol probes. It has been shown [20]
hat monohydroxy derivatives of benzophenones when strongly
ssociated by hydrogen bonding deactivate readily due to fast
on-radiative relaxation via hydrogen stretching vibrations in
ntermolecular hydrogen bonding. The same phenomenon can
ccur in strongly associated phenol probes grafted in PVC.
.2.4.2. The 490 to 570 nm structured long lived emissions. The
tructured emission with longer lifetime is absent in PVC-PYR
nd in PVC-OMe. Surprisingly it is extremely similar (though

w
g
w
p

hotobiology A: Chemistry 187 (2007) 222–232

lightly blue-shifted) to that of the naphthalene substituted PVC
7]. Even more, an emission with very similar features (long
avelength, structured and long lived) has been found by many

uthors in PET [21]. In fact, in the mentioned work it was
iscussed as one of the possible origins for this emission the
resence of naphthalene groups, though it was discarded, as has
o be now discarded. In our case, this structure is especially inter-
sting, as it is this emission that allows to detect the � relaxation
n mercaptophenol substituted PVC.

Multiple origins of this structured emission can be thought
f: the existence of impurities of the nucleophile used in the
ubstitution of chlorine atoms in PVC, the presence of solvent
races strongly bound to the grafted probes or the existence of
ide reactions leading to the formation of by-products are some
xamples. The phosphorescence spectra of the nucleophile in
olution in ethanol and dichloromethane and of the solvents used
n the reaction have been recorded and no such structure has
een found. It has to be borne in mind that as the concentration
f probe grafted to the PVC chain increases, both the low wave-
ength emission ascribed to isolated phenol probes and the highly
tructured emission decrease, while the emission at 470 nm due
o interacting probes increases (Fig. 8) relatively and possibly
lso absolutely. Thus, the species responsible for the structured
mission seems to be somehow correlated to the presence of iso-
ated phenol. As mentioned in the preceding section the excimers
r aggregates formed as the probe concentration increases may
e quenching the emission from the chromophores which are
ore conspicuous at low probe concentration, i.e., no direct

onnection can be made between emission relative intensity and
he relative chromophore concentration in the PVC chain. Still,
here seems to be a correlation between the intensity of the lowest
avelength emission and that of the highly structured one.
The hypothesis of the existence of a by-product produced at

he first stages of the reaction was checked. The reaction medium
ontains the solvent (cyclohexanone), the nucleophile, K2CO3,
nd PVC. The first probes grafted to the chain have a very high
robability of being isolated (not involved in a hydrogen bond
ith other grafted probes); the acidic nature of phenol and the

eaction medium make it possible for a fraction of the isolated
henol probe to be in the phenolate form. As the involvement of
he phenol in a hydrogen bond reduces strongly the probability
f hydrogen abstraction, the relative concentration of phenolate
always very small) will be higher the lower the probability of
henol probes interacting with one another via hydrogen bond-
ng. In short, the relative concentration of phenolate will be
igher the lower the absolute concentration of grafted probe.
hus, when the concentration of grafted probe is very small, the
ominant species will be isolated phenols and a fraction of iso-
ated phenolates; as the probe concentration increases, so will the
xcimers/aggregate concentration do, at the expense of isolated
ercaptophenols or mercaptophenolates.
Although it has been shown that mercaptophenol under the

hosen modification reaction conditions is extremely selective

ith respect to the mercapto group, small amounts of phenol
roups may also substitute chlorine in the PVC chain in such a
ay that the probe will be grafted onto the polymer chain at two
oints, by a mercapto and an ether bridge. This by-product has no
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Scheme 2.
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Fig. 12. SEC traces of PVC and some PVC copolymers:

ide group able to rotate and is incapable of forming a hydrogen
ond. Deactivation of this chromophore via non-radiative paths
s very limited. This hypothesis would explain why the structured
mission is only mildly sensitive to temperature and able to
etect the � relaxation. The emitting species proposed in PVC-
H appear in Scheme 2.
An obvious consequence of the preceding hypothesis is the

ise in molecular weight of a part of the original PVC sample.
EC analysis was done in order to check if substantial mod-

fications of the molecular weight occur as the PVC chain is
odified. Fig. 12 shows the results obtained.
Fig. 12a shows a progression of SEC traces corresponding

o the PVC-OH family. The development of two shoulders at
ower elution times indicates the existence of higher molecular
eight fractions. This does not occur in the PVC-PYR or PVC-
Me series, as shown in Fig. 12b. We conclude, then, that the

tructured emission in the phosphorescence spectra of PVC-OH
s related to a side reaction which leads to the grafting of the
robe both by the mercapto bridge and the ether bridge. These
nits are, by their own nature, isolated and closely connected to
he motions of the PVC chain, what explains the sensibility of
he emission to the low temperature dynamics of PVC.

. Conclusions
In this and a preceding work, the spectral evolution
nd intensity variation as a function of temperature of the
hosphorescence of probes grafted onto PVC in increasing con-
entrations have been studied. Two aspects have to be carefully

v
e
d
m

C-OH series and (b) PVC-OMe-36.4 and PVC-PYR-6.

onsidered when investigating the local structure of a glass
y means of a luminescent probe. The first aspect is that the
rafting of the probe alters the microenvironment of the poly-
er precisely at the site where the probe will be active. This
as the scope of the preceding work. The second aspect which
as to be carefully considered is the probe itself. Local sub-Tg
elaxations in a larger number of polymers occur under room
emperature down to −100 ◦C or less. Processes like hydrogen
bstraction, the rotation of small side groups or the vibration
f intermolecular interactions may thus interfere with low tem-
erature relaxations of glasses, and the decay kinetics can in
ome cases be the superposition of relaxations taking place in
he probe and in the polymer in the same temperature range.

The probe concentration has also proved to be a critical
arameter. Even if no strong interactions occur between the
robes, the behaviour of “isolated” or “interacting” probes may
e very different. Probes near to one another may form aggre-
ates or dimers in the ground state, or excimers in the excited
tate, each with very different features. Side reactions at low
robe concentrations, which lead to unexpected grafted probe
tructure may also take place.

The investigated probes, PVC-PYR, PVC-OMe and PVC-
H, exhibit a phosphorescence spectrum that red-shifts as the

oncentration of the probe increases. In the first case, it is so
ecause of the formation of aggregates, in the second and third

ery probably because of the formation of excimers. The pres-
nce of a side group (PVC-OMe and PVC-OH) leads to efficient
eactivation of the probe (either isolated or interacting chro-
ophores) at very low temperatures (T < −80 ◦C), making it
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mpossible for the � relaxation to be detected. The presence
f a phenol group introduces a more complicated panorama,
ecause of the acidity and reactivity of the side group. Side reac-
ions are very probably responsible for the presence of a small
mount of a by-product responsible for a structured phospho-
escence emission in the range 490–570 nm, a process which
s conspicuous up to ambient temperature and which is sen-
itive to the local motions taking place at the � relaxation of
VC.

This relaxation can then be followed by monitoring the whole
mission of the naphthalenethiol and mercaptopyridine probe
nd the long wavelength emission of mercaptophenol.
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