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ABSTRACT: 7-(Dimethylamino)-1-methylquinolinium tetrafluoroborat®),(a stable color shifting mobility
sensitive fluorescent probe, was employed for investigating physical aging in amorphous polymers. A linear
correlation between the emission wavelength2ofnd the specific volume of the polymer was found in
polycarbonate (PC) and poly(methyl methacrylate) (PMMA). The shift in emission wavelength measured during
physical aging was used to calculate the temperature and time dependence of the effective relaxatign time
employing an age-dependent KohlraustHilliams—Watts (KWW) equation. From these data and by comparison
with data obtained by positron annihilation spectroscopy (PALS) in PC and volume relaxation in PC and PMMA,

it was concluded that the fluorescence2ofields reliable information on physical aging of these polymers. The
fluorescence method, employing a color-shifting probe, offers opportunities for investigating physical aging in
powders and semicrystalline polymers, of specific components in blends and mixtures, and in confined systems.

Introduction that involves rotation within the excited molecule and requires

When amorphous polymers are cooled below the glass free volume. The second pathway invo[ves the emission of a
transition temperature, they fall out of equilibrium. The subse- Photon from the planar molecule, which is only probable when
quent time evolution of properties like volurid enthalpy?* rotation within the excited state is sterically hln_dered. Physical
and creep toward equilibrium is a self-retarding process that is 29ing lowers the amount of free volume available for probe
known as physical aging. Many studies have been made on the'otation and thus leads to an increase in emission intensity. The
impact of physical aging on the mechanical properties of '€Sponse of “rotor probe” doped in various polyméshowed
amorphous polymefsExcellent reviews on physical aging of ~@Symmetry behavior and memory effettssimilar to those
polymers and glass-forming liquids have been publishéd.  Published for specific volume recovery experimelitRecently,
Since physical aging has a profound influence, in particular on Physical aging in thin films was investigated using the same
the long-term properties of polymers, a better understanding of tyP€ of probe molecul& Although mobility is probed on a
this phenomenon is of great practical importance. molecular scale, a direct connection between the bulk volume

In addition, physical aging provides information about the '€Sponse and thg response of the ensemble of fluorescent probes
dynamics of supercooled liquids. Several reports on the behaviorNas been establishédl.
of both polymeric and nonpolymeric glass formers just below  Replacing intensity-changing fluorescent probes by wavelength-
the glass transition temperaturg have been published shifting ones would be a major improvement. Besides the
recently?=11 These studies showed that the non-Arrhenius intrinsic advantages of using fluorescent probes, such as the
temperature dependence of the relaxation time ofitpeocess, nondestructive nature of this technique that allows for remote
usually well described by the phenomenological Vegel sensing, fast acquisition that allows for on-line monitoring, and
Fulche-Tammann (VFT) equatio, 4 is replaced by a a relative freedom of sample size and geometry, wavelength-
weaker temperature dependence. In a narrow temperature rangshifting probes offer additional advantages. Since the emission
below Ty this dependence can be described by an Arrhenius wavelength is a state variable, wavelength-shifting probes are
law.15 self-referencing. This opens up a larger application window,

Fluorescent probes that detect medium mobility by changes since most requirements concerning sample composition and
in the emission intensity are known for a considerable time. geometry, which limit the use of intensity changing probes, do
Malononitrile-based fluorescent dyes, so-called rotor prébes, not apply. Therefore, in addition to homogeneous, optically clear
dominate this field of research. The singlet excited state of the samples of well-controlled thickness, opaque and even light-
dye has two major pathways to return to the ground state. Thescattering samples are accessible using wavelength-shifting
first and most common pathway is radiationless decay, a procesgprobes??

Wavelength-shifting mobility-sensitive fluorescent probes
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In this paper we present 7-(dimethylamino)-1-methylquino-
linium tetrafluoroborate %), as the first mobility-sensitive
fluorescent probe that monitors physical aging by shifting the
color of its emission. We will demonstrate the ability of this
probe to monitor physical aging in PC and PMMA in a broad
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 dIn AA(t)/dt ©)

Teff(t) =

The effective relaxation timeres is a useful quantity to
characterize the aging behavior of a polyrffe¥alues of e

range Oftemperatures Results obtained by pOSitI’OI‘l annihilationare extracted in a Stra|ghtf0rward manner, which requires

lifetime spectroscopy (PALS)in PC and volume relaxation

“smoothing” of the experimental data by an appropriate fit

experiments in PC and PMMA were used as a reference, tofynctior?® and subsequent differentiation. This procedure is
check the reliability of the probe technique. The fluorescent model-independent, i.e., the fit function does not influence the
probe method turns out to offer a versatile and reliable method yggyits, and-. values thus obtained allow for comparison with

to measure physical aging across a wide range of temperaturegjata obtained from other techniques, such as volume relaxation
without undue limitations concerning sample size, geometry, experiments.

or composition. We attribute the success of this methodology

to the ability of the probe to detect changes in specific volume
and its high thermal and photochemical stability.

Modeling of the Kinetics of Physical Aging Studied by
Wavelength-Shifting Fluorescent ProbesDuring physical ag-
ing the emission o2 shifts to the blue, and this blue shift orig-
inates from the decrease in mobility of the polar groups in the

Experimental Section

Synthesis.TLC analysis was performed on silica gel (Merck,
F254).1H and'3C NMR spectra were measured at 300 MHz (Varian
Unity Inova spectrometer) or 400 MHz (Varian VXR 400S
spectrometer)!H chemical shifts are given in ppnd) relative to
tetramethylsilane (TMS) as internal standard. Reagents, obtained

host polymer. The time dependence of the blue shift during aging from ACROS and Aldrich, were used as received.

at a constant temperature can be modeled in various ways. For 7-(Dimethylamino)quinoline (1). 3-(N,N-Dimethylamino)aniline
early summaries of several functions to model physical aging, dihydrochloride (2.5 g, 12 mmol) was dissolved water (200 mL),
in particular of the decrease in specific volume, we refer to refs 1 and a sodium hydroxide solution (15 mL, 10%) was added. The

and 31. Nowadays, the stretched exponential, or the Kohlrausch
Williams—Watts (KWW) function, is mostly used as a ba%is:

b
D(t) = ex;{—(%) ] 1>b>0 1)
Hereb is the KWW stretching parameter that determines the
broadness of a distribution of relaxation times. The age-
dependent KWW function (AD-KWW) can be derived by
partitioning the relaxation time in a thermally activated part
7T and an age-dependent past
7(T,t) = 77(t) (2)

The increase of the age dependent-padan be described by
a power lawg? in whicht is scaled tas33

H=01+tt)? 1=a>0 3)
Herea is the aging power. Obviously, aging with the highest
degree of self-retardation, so-called “logarithmic” aging, occurs
if a= 1.

By inserting egs 2 and 3 into the KWW equation (1), in which
t/r in the exponential has to be replaced Hyit'/z(T,t'), the
age-dependent KWW function for modeling physical aging with
a wavelength shifting fluorescent probe is obtained:

F{ [teﬁ(t)] b]

exp———
Tr

In eq 4,AA(t) = A(t) — e, Ado = Ao — 4w, and AA(t)/Ado

guantifies the normalized distance from equilibrium. In a similar

way the PALS data were fitted with an AD-KWW equation,
using Aui(t)/Avip. The effective timees; in eq 4 equals

AL _
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O(t) = 4)
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S

The effective relaxation timeres, introduced by Kovacs,
represents the local semilogarithmic slope of the data:

aqueous solution was extracted with dichloromethane 50 mL).

The combined organic layers were concentrated in vacuo to a brown
oil. Then glycerol (4.2 mL), concentrated sulfuric acid (1.6 mL,
96%), and nitrobenzene (3.7 mL) were added. The bulb was fitted
with a reflux cooler, and over a period d h the temperature was
gradually raised to 100C, under a steady stream of nitrogen. The
mixture was then stirred at this temperature for 3 h. Finally, the
mixture was heated to 14050 °C for 3 h. After cooling, the
reaction mixture was slowly added to an aqueous potassium
hydroxide solution (2.5 g in 100 mL) under vigorous stirring. The
solution was extracted with dichloromethane X450 mL). The
combined organic layers were dried (Mgg§@nd concentrated in
vacuo to a black oil, which was purified on silica gel (eluent,
chloroform/methanol 99.5/0.5 to chloroform/methanol 95/5) to yield
purel (0.53 g, 26%) as a yellow oil.

IH NMR (CDCl) 6 (ppm): 8.73 (1H, d, H2J = 2.92 Hz),
7.94 (1H, dd, H4j = 8.13 Hz,j = 1.41 Hz), 7.61 (1H, d, H5,=
8.65 Hz), 7.12-7.18 (2H, m, H6, H8), 7.07 (1H, dd, HB= 8.02,

j = 4.27 Hz), 3.07 (6H, s, C#N). 13C NMR (CDCk) o (ppm):
151.20 (C7), 150.51 (C2), 150.00 (C10), 135.46 (C4), 128.33 (C5),
120.96 (C9), 117.152 (C6), 116.29 (C3), 106.83 (C8), 40.44
(CHsN).

7-(Dimethylamino)-1-methylquinolinium Tetrafluoroborate
(2). To a solution of 7-(dimethylamino)quinolin&)((0.53 g, 3.08
mmol) in 5 mL of methanol, methyl iodide (0.21 mL, 3.39 mmol)
was added. The reaction mixture was refluxed overnight. After
cooling to room temperature the mixture was diluted with ether.
The precipitate was filtered and washed with ethex (80 mL),
redissolved in methanol (15 mL), and added to a saturated sodium
tetrafluoroborate solution (100 mL). This aqueous solution was then
extracted with dichloromethane ¢450 mL). The combined organic
layers were concentrated in vacuo to a yellow solid, which was
purified by recrystallization from methanol/ether to give p2i(0.58
g, 69%) as yellow crystaldH NMR (CDCl) 6 (ppm): 8.93 (1H,

dd, H2,j = 6.04,j = 0.91 Hz), 8.75 (1H, d, H4,= 7.87 Hz), 8.10
(1H, d, H5,j = 9.34 Hz), 7.58 (1H, dd, H§,= 9.33 Hz,j = 2.38

Hz), 7.50 (1H, dd, H3j = 7.88 Hz,j = 6.23 Hz), 6.78 (1H, d, H8,
j = 2.01 Hz), 4.32 (3H, s, C#N*), 3.26 (6H, s, (CH)2N).

Sample Preparation.The polymers, additive-free polycarbonate
and comonomer-free PMMA, were obtained from GE-plastics and
Rohm, respectively, and were used as received. Mixtures of polymer
with probe (0.05 wt %) were prepared by dissolvidg0.001 g)
and the polymer (2 g) in freshly distilled dichloromethane (15 mL).
Subsequently, the solution was poured onto aluminum foil and left
to dry at room temperature (12 h) and under vacuum &t@3B(3
mmHg, 48 h). PMMA sheets were prepared by hot-pressing atc?BQ/
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°C, using 0.3 mm aluminum spacers. For PC films hot-pressing at Scheme 1. Synthesis of 2 Using a Skraup Procedure
260 .C, just above the mgltlng temperature, was necessary because NH2  so, Ny 1) CHal N
PC films cast from solution are semicrystalline. - ) o m
Fluorescence SpectroscopyEluorescence spectra on polymer Sycerol N NT AINBR sy N&E,
films were recorded with a Spex/Jobin-Yvon Fluorlog 3 fluores- N ! !

X - - ! - o= 1 2
cence spectrometer equipped with a fiber-optic cable in combination
with a Linkam hot stage, which was kept under a stream of dry

The Int) sum has the advantage of being a linear least-squares fit.

i b
(1- a)TT)

nitrogen durinﬁ the Pixp?rihme_nts_. Thebexcitation l\(/vavelength was Fitting the experimental data with eq 10 generated a “smoothed”
el o el b e AePL AL 1 data Set i coul b used a5 mput o an age-depencent KV
excitation light. Temperature-dependent measurements, for deter-f't‘ I;ilewnrt]l_n% the ag_e-d:e_fpegdent KIAZIW function, eq 4, results in
mining Amax VS T plots, were carried out isothermally in steps of 5 eq 11, which was simplified to eq 12.
K in cooling (from+190 to 50°C at 10°C/min for PC and from b
+160 to 50°C at 10°C/min for PMMA). The emission spectra, In AL(Y) - _ (1 + E)l‘a -1 (11)
corrected for the wavelength-dependent sensitivity of the photo- Alg t
multiplier tube, were recorded from 480 to 540 nm. For each
temperature 10 spectra were recorded, a procedure that-t&ke€s AA(Y) ’ " @
s. Aging experiments were performed after annealing a sample for In YN [ +bt)" —1] (12)
15 min at 190 and 168C for PC and PMMA, respectively, cooling 0
at 10°C/min to the aging temperature, and taking spectra at regular , g , ;
time intervals. For each data point one emission spectrum was takenHerea = (Ubcz)?, b’ =1, ¢ = 1 — a, andd =b.
which requires 150 s. For all experiments it was essential that the Results
spectrometer, the xenon lamp, and the computer were switched on
for the entire time of the experiment. Only under these conditions  Synthesis.The synthesis of 7-(dimethylamino)quinolirB (
the statistical errors obtained fdf.x may be as low as-0.05 nm. according to Scheme 1, was first described by Bradford &t al.
Switching the computer off and on causes an offséfif values, using the Skraup reaction for making the quinoline structure.
which may be on the order of 1 nff.Switching the lamp off  Ajong with the desired 7-(dimethylamino)-isomer, a small
bgtw«taen sqtmpl|n|g 'f not an Otﬁt'on S'ncf relsttartmg the 'a%p trrt]I?y amount of the 5-isomer is formed, which is difficult to remove.
affect sensitive electronics in the computer. It was proven that the L " : o : :
emssion oo percty saie dug ongtem Uit VA0S Sath condtoring 90% sullric oot
experiments and does not exhibit drift. . ; ) I ;

rIsata Analysis.From the fluorescence spectra, the intenkity, 5-(dimethylamino)-isomer. A major disadvantage of this pro-
the wavelengthima, and the half-widths were determined by a ~ cedure is the severe reaction conditions, which result in the
least-squares fit that uses 30% of the top of a spectrum. The fit production of large amounts of tar and yields that may be as
equation of choice is the extreme value functiémhich has the low as 5%. However, careful heating under a nitrogen atmo-
form sphere enabled us to obtain a yield of 26%. Both the starting

material and product of this reaction are sensitive to air

(A) =Ty + I XX 1 = (4 = Apgdlo — exp[=(4 — Anz)lol} (7) oxidation, in their nonprotonated form. Alkylation df with

methyl iodide and subsequent ion exchange, using sodium

wherely is the *background signal”. Using this procedure, values tetrafluoroborate, gave 7-(dimethylamino)-1-methylquinolinium

of Amax are obtained in which the statistical error typically is below tetrafl borat . d vield
0.05 nm. In each series of measuremeips values were found etra uorq orate) in 909 yield. . .
with larger errors, caused by lamp fluctuations, and these data points EMPloying the synthetic procedure described above, various
were discarded. The least-squares fits of a series of 150 spectra folKyl chains may be attached to the amino functionality, while
each aging temperature were performed with MatLab. Values of functionalized moieties may be attached at the quinolinium
A Were estimated by extrapolation of the equilibrium line, i.e., nitrogen. In all cases, however, the Skraup procedure is severely
the line of 4 vs T above the glass transition temperature, to the limiting the practical use of this synthesis. Further details
actual aging temperatue(Figure 2a,b). The data were therefore concerning this reaction and alternative procedures to synthesize
approximated using a continuous bilinear least-squares fit. To 2 and its derivatives will be presented elsewhere.

capture the sharp change in slopd gtthe abs-function was used: Fluorescence SpectroscopyRecent research has shown that

o — o -0 charge transfer and charge resonance probes, notably nitrostil-
9 9

a . X
/I(T)=/19+T'(T—Tg)+ 5 IT— Tl (8) benes and stilbazolium salts, are excellent probes for the
monitoring of polymerization reactio?s*! and characterizing
wherely = A(Ty), ag is the slope in the glassy staf® ¢ Ty), and polymersz®~2 However, the relatively small changes in medium
oy is that in the liquid or rubbery statd (> Ty). mobility associated with physical aging along with harsh

In the nonlinear age-dependent KWW Aif.(t) is normalized to processing and measuring conditions impose severe constraints
Alo. The value ofl, was estimated by a local least-squares fit to on the probes in terms of photochemical and thermal stability.
A(t), which only covered the first 20 data points of a data set using Neither stilbazolium salts nor (dialkylamino)nitrostilbene probes

a simple unmodified KWW functiof? were stable enough to withstand these conditions, which include
b annealing at temperatures up to 280 and light exposure at
A(t) = Age ) elevated temperatures over long periods of time. Thermal

) ) ] o bleaching, photochemical degradation, and-tians isomer-
Unavoidable scatter in our data makes a_d_lrect fit with the age- j;ations were observed for these probes.
dependent KWW cumbersome as false minima are often encoun-" 14 gjiminate degradation and (photo)isomerization reactions,
_tered |nthe_ Iea_st-squares fits. A convenient solution to this problem fluorescent probes containing a riaid full tic ch h
is the application of a polynomial in It) ntp 1ing a rigid fully aromatic chromophore
are required. On the basis of these considerations, we decided
(A/I(t)) n=4 to synthesize2, one of the simplest and smallest charge

In = Z}ak In*t (10) resonance probes that possess a rig&ystem connecting the

= donor and the acceptor. Table 1 shows the absorptionc%\(}

Al
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Table 1. Spectroscopic Properties of 2 in Different Solvents a 540 \
Amax{(@bs) Ama{(€m) Stokes shift
solvent (nm) (nm) (nm) 538 |
ethyl acetate 433 537 104 T
tetrahydrofuran 435 530 95 £
dichloromethane 442 506 64 §536 1
c
emission properties df in different solvents. A Stokes shift of S
up to 104 nm in ethyl acetate is observed, which is remarkably 35341
high for such a small quinolinium chromophore. The photo- 2
chemical stability o in a polymer matrix was established by ey
exposing a sample of doped PMMA, which had aged for 14 g
days at room temperature, to 40 sequential measurements with i A
the highest possible intensity of excitation light50 W/n? at 5307 0
390 nm). This gave no decrease in intensity, nor was there any
change in the shape and position of the emission spectra. 528 /. :
Annealing of PC samples containi2gat a temperature of 260 50 100 150
°C did not result in loss of emission or the noticeable presence Temperature (°C)
of bleaching products and demonstrated the remarkable thermal
stability of the probe. b 516 y
A typical emission spectrum & in a polycarbonate matrix, 515
in which the data points were fitted using the extreme value
function, is shown in Figure 1. The least-squares fit of the top 514 A
of the emission spectrum allowed us to determine the position -
of the emission maximum with a typical error of 0:63.05 E 513 1
nm in each series of experiments. Since the shape of the emis- = 5124
sion spectra does not change during aging, we could use one fit ©
function. In this way, reliable and accurate values for the emis- 3 511 4
sion wavelength o during aging experiments were obtained. %
Determination of Ty by Temperature-Dependent Emission. 2 510 1
A prerequisite for probes capable of monitoring physical aging
by changes in emission wavelendthay, apart from long-term 5091 Ar 0
stability, is the ability to detect the glass transition temperature, 508 1
Tg.1643 Emission wavelengths, obtained during cooling, are
plotted as a function of temperature in parts a and b of Figure 507 T . : .
2 for PC and PMMA, respectively. Figure 2a shows that the 60 80 100 120 140
emission wavelength o2 in PC is a linear function of Temperature (°C)

temperature, both below and above the glass transition tempergigure 2. Emission wavelength of taken as a function of the
ature. A distinct change in slope is observed at the glasstemperature in PC (a) and in PMMA (b).

transition temperature, and beloWy an excess emission

wavelength A1 is defined by the difference between the ... This assumption is confirmed by Figure 3 in whieh
experimental emission wavelength and the emission wavelengthtaken from ref 2a, is plotted againktax of 2 in both for PC

on the extrapolated equilibrium lirfé. _ and PMMA. The linear relationship, which is valid from low
~ InFigure 2b, the emission wavelengthdoped in PMMA — temperatures up to temperatures well abdyecorroborates

is plotted as a funptlop of temperature. The change in gradienthat the changes ifimax during aging are proportional to those
upon passage di is slightly stronger for PMMA compared to i, ;. This implies that, like in volume relaxation experiments,
PC. Also, the emission d in PMMA is ~20 nm blue shifted  yhe gistance from equilibrium is known throughout the aging

compared to the emission fro@ in PC, and .this may t.)e process. A qualitative explanation for the relationship between
attributed to the fact that PMMA is a less polarizable medium. 7max @nd vs will be given in the discussion
max S .

The straight lines in Figure 2a,b suggest to a linear relation-

ship between the specific volume of the host polymer and Physical Aging MeasurementsFigure 4 shows the emission
wavelengthlmax Of 2 as a function of the time for an aging
6.0 experiment in PC performed at 63C. Along with the
. experimental data, which have a statistical error of 0.03 nm,
5.0 | the age-dependent KWW fit is shown. Since the excess emission
- wavelengthAZ at 65°C is 6.1 nm, the 0.03 nm scatter allows
s 40 1 for accurate measurements. Similar plots are obtained at the
z other temperatures. In Figure 5, X{(t)/ALq] is plotted as a
& 1 function of logf) for all aging experiments, along with the
£ 30 corresponding age-dependent KWW fits. The extent of relax-
| ation, i.e., the fraction oA/ lost at the end of the experiment,
20 is limited to 28, 12, 5, and 3% at 128, 100, 65, and°?5
490 510 530 550 570 respectively. Figure 5 clearly shows that aging proceeds much
Wavelength (nm) faster at higher temperatures because the system is more mobile
Figure 1. Emission spectrum d in PC (nax = 529.9 nm at 25C). at elevated temperaturés.

Ccbv
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a 542
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b 517
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515 4

514 4
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512 1

511 -
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510
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0.85 0.86 0.87 0.88 0.89

Specific volume (cm®/g)

Figure 3. Specific volumevs taken from ref 2a, plotted against the
emission maximumimax of 2 in PC (a) and PMMA (b).

O

530.7

A (nm)

530.6

530.5 . . . T
0.E+00 1.E+05 2.E+05 3.E+05 4.E+05
Time (s)
Figure 4. Emission wavelength d as a function of time in PC at 65
°C along with the age-dependent KWW fit.

In Figure 6, the effective relaxation times, derived from
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-0.1 4

-0.2 4

In(AM/AL)

-0.3

-04 T T
1.E+03 1.E+04 1.E+05 1.E+06

Time (s)

Figure 5. Relaxation data of PC obtained at different temperatures
by fluorescence along with the age-dependent KWW fits.

1.E+09
—6—25°C  —B-65°C

1.E+08 -

1.E407

T effective

1.E+06 4

1.E+05 T T
1.E+04 1.E+05 1.E+06 1.E+07

Time (s)

Figure 6. Effective relaxation timeger of PC derived from age-
dependent KWW fits on the data obtained by fluorescence (open
symbols) and PALS (filled symbols). The PALS data were taken from
ref 30.

Table 2. Age-Dependent KWW Parameters for PC Obtained by
Fluorescence

T(°C) 25 65 100 128
T— Ty 115 75 40 12

771 (S) 21x 108 17x 10 3.4x 10 2.0x10°
b 0.62 0.48 0.46 0.60

ts (s) 3.0x 1P 42x 10 56x 10° 3.3x 10°
a 0.95 0.98 0.95 0.80
Ao 9.22 6.07 331 1.11
extent of relaxation (%) 3.1 4.5 12 25

the effective relaxation timere increases with time, an
observation that is characteristic for a self-retarding process. In
Figure 6, we have also plotted the effective relaxation times
taken from the PALS experiments in ref 30, and it is evident
that 7o values determined by fluorescence and PALS are in
quite good agreement, except for the data taken at°C28t
should be noted that fluorescence data, taken over a relatively
short time interval, and the PALS data provide complementary
information. Finally, it is worth mentioning that the effective
relaxation timeses, recorded at 25C by PALS and fluores-
cence, are similar to those measured by dilatonfétry.

Table 2 summarizes the data obtained from the age-dependent
KWW fits. The temperature-dependent relaxation tirngi.e.,

the age-dependent KWW fits, is plotted versus the relaxation the relaxation time at= 0, decreases 2 orders of magnitude as
time on a double-logarithmic scale. For each aging temperaturethe aging temperature increases. The values for the K&/g\(l
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510.3
9
510.2 X
0.5 4
510.1 - S
z 3 11 e70c
£ 510 = 085°C
< 2100°C
509.9 151
509.8 - 2 ' '
1.E+03 1.E+04 1.E+05 1.E+06
509.7 . . Time (s)
0.E+00 1.E+05 2.E+05 Figure 8. Relaxation data of PMMA obtained at different temperatures
Time (s) by fluorescence along with the age-dependent KWW fits.
Figure 7. Emission wavelength d as a function of time in PMMA Table 3. Age-Dependent KWW Parameters for PMMA Obtained by
at 70°C along with the age-dependent KWW fit. Fluorescence
) T(°C) 70 85 100
stretching parametds range from 0.5 to 0.6 and shows that  T- T, 38 23 8
the physical aging proceeds with a distribution in relaxation zr (s) 5.9x 10° 2.7x 10° 8.4 x 10
times. It should be noted that the values ferand b are in :3 %—%4 - 2-651 - 10650 -
good agreement with those that are determined by KWW fits ;(S) 060 047 o0
over the first 20 data points at each temperature. The other Az, 2.16 1.38 0.59
parameters in Table 2 are the scaling tigend the aging power extent of relaxation (%) 17 26 87

a. For the aging powea values close to 1 are observed, and

this indicates “logarithmic” aging in PC, i.e., aging with a high timests decrease with increasing temperature and have relatively
degree of self-retardation. Values of the scaling tiptecrease large values. Both the low values afand the relatively large
with increasing temperature, and this implies that at higher values ofts indicate a relatively slow increase of in time,
temperature the age-dependent relaxation tiprecreases faster ~ which indicates that the aging process in PMMA proceeds with
in time. Finally, it should be noted that although the fits obtained a lower degree of self-retardation than the aging of PC.

with the AD-KWW functions are very satisfactory, the errors

in the individual parameters are substantial. In particular, the Discussion

values found for the scaling timeand the aging powes, which We have demonstrated a new method for investigating

describe the ag.e—dependent' relaxation tiyeare error-prone physical aging by fluorescence spectroscopy. From the blue shift
and should be interpreted with care. in fluorescence of the color-shifting mobility-sensitive probe
Figure 7 shows the decay in the emission wavelerigi 2, the aging process in PC and PMMA was measured in a
as a function of time for an aging experiment performed in straightforward manner. Usiry effective relaxation timeses
PMMA at 70°C, along with the age-dependent KWW fit. The  of both PC and PMMA were obtained over a range of
statistical error in this data set is 0.05, significantly larger than temperatures and aging times. In addition, the relaxation process
in the PC experiments. Similar decay curves are obtained atwas described by an age-dependent KWW equation_ The
the other aging temperatures. Figure 8 plots the normalized effective relaxation times of PC derived from the fluorescence
distance from equilibriunAA(t)/A4o as a function of the aging  of 2 corresponded well with those obtained by PALS measure-
timet at different aging temperatures, and faster relaxations arements, with the exception of those obtained by the high-
observed at higher temperatures. It should be noted that thetemperature experiment taken at 1°Z8 In addition, values of
extent of relaxation in PMMA is SUbStantia”y hlgher than in Teff obtained by volume relaxation obtained at°ZB46 and our
PC; 83, 25, and 18% for the experiments performed at 100, 85, fluorescence experiments at 25 are similar. For PMMA, faster
and 70°C, respectively, and this reflects the faster aging kinetics physica| aging was observed because this po]ymer was inves-
in PMMA, which is partly due to its lower glass transition tigated at temperatures closer toTisand because the aging of
temperature. Finally, it should be noted thatthevalues found  pMMA is less self-retarding. Unfortunately, we have no PALS
at 70 and 85°C correspond well with those obtained from data for PMMA, but the effective relaxation times obtained by
volume relaxation described in ref 47. fluorescence correspond well to those extracted from volume
Table 3 shows the fitting parameters for all temperatures relaxation experiment¥,except for those obtained by the high-
obtained with age-dependent KWW fits. The temperature- temperature experiment taken at 1@ These results confirm
dependent relaxation time decreases as the aging temperature that physical aging can be determined reliably from the
increases. Substantially lower values are obtained than in PC fluorescence o. Only at high temperatures, the reliability of
indicating a faster aging process. Like in PC, values for the the results obtained by fluorescence is no longer warranted. This
KWW stretching parametdraround 0.5 are found. Once more, may be explained by the following arguments. First of all, the
the values ot andb from the AD-KWW fits correspond well fluorescence quantum yield goes down with increasing tem-
to those determined by KWW fits over the first 20 data points. perature, and therefore, the accuracy of Ak determination
For the aging powea, values around 0.5 are found. The scaling decreases. Furthermore, the total blue shift during aghigr CDV
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Figure 2) decreases, and this leads to a further increase in the Finally, we wish to emphasize that by the experiments
signal-to-noise ratio. Finally, probe degradation becomes more presented in this paper we have proven the concept of using a
likely at higher temperatures. Although we have no indication color-shifting mobility-sensitive probe for measuring physical
of substantial probe degradation at high-temperature agingaging. To fully exploit this methodology, and to investigate
experiments, the lowet values measured at longer aging times physical aging itself, however, additional research is required.
would be consistent with bleaching. This is so because probeFor this research, we strongly recommend adaptation of the
bleaching would result in a decreased self-absorption and aninstrumentation we have used so far because the speed and
apparent blue shift in emission. Although probe bleaching cannotreliability of the measurements are limited basically by the
be prevented, lowering the extent of self-absorption by lowering spectrometer and not by the probe. Our first adaptation is the
the probe concentration would decrease its effect on the use of a blue laser as an external light source, since this would
measuredimay Values. allow for longer aging experiments. Using a laser would also
A prerequisite for probes capable of monitoring physical provide; internal calib.ration of thg ;pectra and allpwlfor spatial
aging, apart from long-term stability, is the ability to detect the resolution by changing the position of the excitation beam.
glass transition temperatufg. Our probe is capable of detecting ~ Detection of the probe emission by a CCD detector, instead of
T, because the emission wavelength of the probe scales with@ monochromator equipped with a photomultiplier tube, would
the specific volume of the host polymer. This relationship was Pring down acquisition times to the subsecond Va0 that
proven for PMMA and PC by comparing temperature-dependent the early stages of the physical aging process can be monitored.
emission of2 with specific volume data taken from the In addition, th!s adaptation might improve the Iong-term ;tablllty
literature2a This relationship also connects the emission wave- ©f the setup since a CCD detector does not contain moving parts.
length of2 with the free volumey, determined by PALS, and

allows for direct comparison with volume relaxation experi-
ments. We have demonstrated that, by recording the blue shift in

the emission of the color-shifting mobility sensitive fluorescent
probe 2, the physical aging process of the host polymers in
which the probe was dissolved was measured. This unique
methodology relies on the fact that the emission wavelength of
2 scales with the specific volume of the polymer. Effective
relaxation timeges obtained from the fluorescence ®fn PC
samples are comparable with those recently obtained by PALS
and volume relaxation measurements. Similar effective relax-
ation times were also obtained by fluorescence and by volume

Conclusions

Although the exact mechanism by which the polymer
stabilizes the probe is still under investigation, a qualitative
explanation of the probe behavior is easily constructed. The
observed blue shifts in the probe’s emission are rationalized by
assuming charge transfer in the probe’s excited state and
stabilization of the strongly dipolar excited state, during its
lifetime of ~10—15 ns? by dipole—dipole interactions. Fur-
thermore, it is obvious that a decrease in specific or rather free

volume during an aging experiment induces a decreased mobilit . - . .
g ging &xp Y relaxation experiments in PMMA. These observations prove the

of the polar groups in the polymer. Therefore, this decreased ~ " . X
mediug mobgillity rl?asults in apwgaker stabilization of the probe’s rel|ab|I|ty of the fluorescent probe technique. Another key issue

excited state, resulting in a higher energy emission. This is is the stability of_2. Photochemical dggradatlon was not
consistent with the experimentally obtained blue shifts in ob_served, ar_ld no S|gns_of probe degradatpn were not_lced during
emission. aging experlme.nts..Thls outstandlln.g stability is crucial for the

] o ) ) successful application of color-shifting fluorescent probes for

Using color-shifting fluorescent probes for studying physical jnyestigating physical aging.

aging has distinct advantages. These are the inherent advantages \ye have demonstrated that the fluorescent probe method is
of using fluorescent probes already mentioned in the Introduc- cgnvenient and fa& and works well at a broad range of
tion, but on top of that, using color-shifting probes instead of temperatures. For measurements at the “lower” temperature
the more conventional intensity changing ones does significantly range, accurate results are obtained. Only for measurements at
broaden the scope of the methodology. Color-shifting probes pigh temperatures, close T, relaxation times have not been
are self-referencing, and therefore many requirements concem-yetermined accurately. The most promising application of the
ing sample composition, sample geometry, sample positioning, ¢olor-shifting fluorescent probe methodology is for measuring
and equipment stability no longer apgf/The only stringent physical aging in opaque, scattering, and inhomogeneous
requirement for employing wavelength-shifting probes is a samples. The effects of confinement in such complex systems
limited and stable degree of (self) absorption by the probe or shoyid also be accessible by this technique. Further research,
by other species. Apart from obtaining spatial resolution in an employing color-shifting fluorescent probes for investigating the
uncomplicated fashion, the study of physical aging in nonho- rejaxation dynamics in complex media, which are virtually

mogeneous polymeric materials is an attractive proposition fpr inaccessible by other experimental techniques, is currently
the use of this type of fluorescent probes. In this context it is yndertaken.

worth mentioning that we have already measured glass transition

temperatures in semicrystalline polymers and in polymer  Acknowledgment. The authors thank the reviewers for their
blends?? In view of the growing interest in the effects of  helpful comments and suggestions. The Dutch Polymer Institute

confinement on relaxation phenomena, it should be noted thatis gratefully acknowledged for support of this investigation under
color-shifting probes can be employed for measuring aging in project nr. #151.

confined systems other than ultrathin films, i.e., two- and three-
dimensional confinement. Another point worth mentioning is  Supporting Information Available: Figures showing DSC
that since the emission wavelength is a state variable, thecooling curves for PC and PMMA doped with 0.052 This
distance from equilibrium in complex systems is known material is available free of charge via the Internet at http:/
throughout the aging experiment, with spatial resolution. This Pubs.acs.org.

offers opportunities to investigating the relaxation dynamics in
real-life polymeric objects, for example the influence of
mechanical stress on physical aging, in great detail. (1) Kovacs, A. JAdv. Polym. Scil963 3, 394.
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