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Abstract--Time-resolved fluorescence measurements, with Methyl Violet as probe, were used to determine 
some microviscosity and free volume parameters in the diglycidylether of bisphenol-A, in novolacs derived 
from bisphenol-A and in their mixtures. The fluorescence of the probe must compete with an internal 
rotational process of parts of the molecule. Due to the influence of surroundings on that process, the 
fluorescence lifetimes are related to mobilities in the system. Using known theoretical approaches for 
describing the mobility parameters in polymers or high-viscosity media, relations between the rate constant 
for the probe rotational and these parameters have been derived. With combined time-resolved 
fluorescence, viscosity-dependent and temperature-dependent measurements, fractional free volume data 
and glass transition temperatures have been determined. In novolac~liglycidyl ether mixtures, evidence 
for strong hydrogen bondings has been found. 

INTRODUCTION 

Epoxy resins are important  materials because of 
properties such as high temperature performance, 
solvent resistance, good adhesion to metal surfaces 
and favourable electrical and mechanical behaviour. 
Today, epoxies are used for high performance com- 
posites [1], as adhesives [2], for manufacturing of 
various electronic devices [3] and printing plates [4], 
For  such applications, materials are formed by curing 
of low-molecular compounds containing the epoxide 
group with hardeners, finally yielding networks. The 
mentioned properties of the materials strongly de- 
pend on the network formation process. Therefore, 
deeper understanding of this process and the network 
structure is required. 

Among the methods capable of providing the 
required information, those based on photophysical 
principles are important  [5-8]. Microscopic par- 
ameters so obtained are more suitable for describing 
the diffusion controlled crosslinking reactions than 
the normal macroscopic values. 

So far, the following procedures have been used for 
the characterization of epoxy compounds: 

(1) direct fluorescence of epoxies [9]; 
(2) fluorescence spectroscopy with excimer- 

forming probes [10]; 
(3) fluorescence anisotropy measurements 

[11, 12]. 

Normally, intensity-derived signals of the emitting 
species are used for calculations but  the fluorescence 
method is restricted to special cases [13]. 

We now report experimental studies on lifetimes of 
a fluorescence probe in an unhardened epoxy system 
with time-correlated single photon counting (TC- 
SPC). It was the aim to find correlations between 
lifetime-derived parameters and microviscosity, free 

*To whom all correspondence should be addressed. 

volume parameters and molecular mobility of the 
system. The diglycidylether of bisphenoI-A 
(DGEBA) and novolacs derived from bisphenol-A 
(DNL) served as model compounds (see Scheme 1). 
Methyl Violet (MV) was used as fluorescence probe. 

EXPERIMENTAL PROCEDURES 

The epoxy compound DGEBA (Leuna-Werke AG) was 
recrystallized twice from methanol, m.p. 44 °. Methyl Violet 
(Aldrich) was used as received without further purification. 
The novolacs based on bisphenol-A were synthesized as 
already described [14] by condensation of bisphenol-A and 
formaldehyde provided by a formaldehyde precursor at 
200°C. The resins were characterized by ~H-NMR, t3C- 
NMR, i.r. and HPLC [14]. 

Determination of molecular weights 

The number-average molecular weights (A~,) of novolacs 
have been determined using a vapour pressure osmometer 
11.00 (Fa. Knauer) at 70°C. Methyl ethyl ketone served as 
solvent for all compounds and dibenzoyl as standard. 

Differential scanning calorimetry 

All glass transition temperatures (Ts) were determined 
using DSC-7 equipment (Perkin-Elmer). Before the deter- 
mination the samples were run at a heating rate of 20°C 
min- t. The T~ values were determined with second scans at 
a heating rate of 10°C rain -~. 

Viscosity measurements 

The viscosities of DGEBA between 30 and 70°C were 
measured with a H6ppler viscometer. Glycerol, for which 
the temperature dependence of viscosity is known [15], was 
used as standard. 

Time-correlated single photon counting set up 

The equipment is illustrated in Fig. 1. An argon ion laser 
ILA 120-1 (Carl Zeiss Jena AG) was used as light source. 
In combination with a modulator (M) and an acousto-opti- 
cal modulator (AOM) (Friedrich Schiller University Jena), 
this laser produces periodical impulses with lifetimes of ca 
85 psec and frequencies of 123.2 MHz. In part, the light goes 

525 



526 B. STREHMEL et al. 

CH 2 C H - -  CH 2 - -  0 
\ /  

0 

CH3 

I 
~ C - - - - ~ - - -  O ~  CH 2 - -  C H ~ C H  2 

I \ /  
CH 3 0 

DGEBA 
OH OH OH 

C H 3 - - C - - C H 3  CH3 C ~ C H 3  H 3 C - - C ~ C H  3 

~ ~ ~ L ~ C H 2  ~ ~ * ' ~ m H  

OH OH OH 

Scheme 1 

DNL 
n,m=0,1 ,2 . . .  

through a Brewster prism to a photodiode SP 102, which 
directly measures the laser light intensity. Part of the light 
reaches an Avelange photodiode BPW 28 A (Telefunken 
AG) and is used to provide trigger signals. Another part of 
the laser light goes through the optical system to the probe 
contained in a spectroscopic cell. The emitted fluorescence 
light of the probe is measured with a Specord monochroma- 
tor (Carl Zeiss Jena AG) and a photomultiplier (SEV) 
TUVP 5502 (Valvo). The SEV transfers the registered 
photon impulse to the single photon counting system (SPC). 
Data thus obtained can be plotted with a X-Y recorder. The 
SPC is coupled with a PC AT 286/20 (Fa. Willmy). 

Deconvolutions necessary for experimental signals were 
made using the phase plane method or Marquardts non-lin- 
ear calculation algorithm. The SPC system was calibrated 

with 10 -5 M solutions of pinacyanol (Lambda Physics) in 
methanol. The lifetime of pinacyanol lies between 5 to 
10psec. With the set-up described, the time resolution is 
> 30 psec. 

Probe preparations 

The experiments with pure DGEBA and mixtures of 
DGEBA with novolacs were carried out in 1 mm cells at an 
angle of 45 °. The fluorescence light was detected at the 
magic angle (54.7°). Novolacs were measured as thin films 
(thickness ca 5gm). The films were prepared by coating 
5 wt% solution of novolacs in acetone containing 10 -3 M 
MV on polyester sheets (thickness ca 500 #m). Films thus 
obtained were dried at room temperature for 24 hr in the 
dark. 
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Fig. I. Construction scheme of the set up for time-correlated single photon counting measurements 
(abbreviations see Experimental procedures). 
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Scheme 2. Photochemical pathways of fluorescence probes. 

RESULTS AND DISCUSSION 

Selection of the fluorescence probe 

A compound, to be used as fluorescence probe for 
time-correlated single photon counting measure- 
ments, must possess the following general properties: 

--inertness against the substances contained in 
the system and the reactions carried out; 

--quantitative solubility in the system; 
--selective absorption of the incident light; 
--viscosity-dependent fluorescence. 

Of these requirements, the last is the most import- 
ant if the aforementioned problems are to be investi- 
gated. In Scheme 2, a general example is given for a 
substance (B), which satisfies this prerequisite. 

After excitation, the excited species (~B) deactivates 
either radiatively (kf) or non-radiatively (kd) to its 

ground state (B), or yields via isc-process (k~) its 
triplet state (3B), or forms via the rotation process 
(kro~) the excited species A*. Thus, a conformer of ~B, 
more energeticaly stable, will be formed, which is in 
principle also capable of emitting light (k~) but that 
emission is very weak because the rotational process 
A* ~ B  is symmetrically forbidden [16]. Therefore, 
the light emitted from ]B is not influenced by another 
emission process. It is important to note that only the 
rotation of parts of the molecule in JB and A* is 
viscosity dependent. 

Photochemical pathways shown in Scheme 2 are 
already known [16-19]. Triphenylmethane dyes have 
been described as compounds possessing strongly 
viscosity-dependent fluorescence [17-19]. Therefore, 
we used MV as fluorescence probe for polymers. This 
compound satisfies the stated main prerequisites for 
a fluorescence probe; see Fig. 2. The excited state 
~B of MV is very short-lived in fluid media [16]. 
Thus, dynamic time-resolved measurements must 
be used to analyse the polymeric system. Further, the 
rotational process of ~B in MV does not possess an 
intramolecular barrier. 

So, lifetime (rr) measurements of the excited state 
~B give direct information about the elementary 
processes of the probe in the polymeric matrix. 
Because these processes are very fast (10-9-10 - ~2 sec), 
they are influenced less by those surroundings, the 
exception of the rotational process. However, 
the latter is restricted by change in viscosity in 
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Fig. 2. Structures of species B and A* of the fluorescence probe MV. 
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the direct neighbourhood of the probe molecule. To 
a first approximation, the excited probe molecule 
does not interact dynamically within its short lifetime 
with the surrounding macromolecules or with parts 
of these molecules. The Tf values can be calculated 
from the primary experimental results (see typical 
example in Fig. 3; the number of channels is a mean 
for the delay time) using: 

If(t) ~ exp(-- t/Tr) (1) 

where If(t) is the emitted light intensity at time t. The 
mathematical procedures necessary for zf calculations 
are given in the experimental part. 

Corresponding to Scheme 2, z r can be expressed by: 

I 
(2) 

zf = k f+  k d + ki~ + kq[Q] + kro t 

where kq[Q] is the rate of quenching by an external 
quencher. For  calculations of krot, the value of the 
sum (k f+kd+kis¢+kq[Q])  must be known. This 
parameter is given by: 

1 
z° = kr + kd + ki~ + kq [Q] '  (3) 

From equations (2) and (3) 

1 1 1 
krot = . . . . .  - (4) 

Tf Tf 0 Tro t 

Because the rotation process is based on first order 
kinetics, the rotational lifetime (Trot) of the probe can 
also be used to express quantitatively the process. 
Furthermore, for linear plots of kro t or Tro t against a 
varied parameter, the experimental value zr can be 
employed. 

In fluid systems, the rotational process is the fastest 
of all the deactivation processes of ~B. If this process 
is restricted, then the Tf or Trot values are increased. 
Thus, changes of zf indicate changes of the rotational 
mobility of the probe molecule in the polymeric 
matrix. An increased Tf is caused by stronger hin- 
drances to probe rotational process caused by the 
surroundings. In this case, kro t decreases and therefore 
Tf approaches the value of T °. This value for MV is 
given by z ° = 4 nsec [20]. 

It is necessary to verify that, in the delay time 
period chosen, only one emitting process occurs. This 
prerequisite is an important requirement for easy 
application of the discussed method. As can be seen 
from Fig. 4, over the whole delay period, with MV 
the same fluorescence spectrum has been obtained. 
Both, shape and position of this spectrum match in 
all details those found for solutions of MV in low 
molecular solvents. 

Further, as follows from equations (3) and (4), the 
parameter kq(Q) also must be independent of 
changes in the polymeric surroundings. Due to the 
very small lifetime T °, the value of that parameter 
must lie between 10 s and 10 9 sec-1 to influence signifi- 
cantly the lifetime of ~B. Because kq can reach only 
the diffusion-controlled limit, then the quencher con- 
centration must be in the molar region. In the given 
system, such a concentration can be reached by the 
polymer itself and therefore the polymeric matrix 
does not itself react as a quencher. 

The selected MV probe possesses some advantages 
over other proposed probes. In the case of azo dyes 
[21,22], E-Z isomerization is responsible for the 
viscosity-dependent process; this isomerization can 
follow either a rotation or an inversion mechanism. 
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Fig. 3. Fluorescence decay curves of MV in a mixture of 3 g DGEBA and 2.5 g DNL at various 
temperatures. 1, 283 K; 2, 293 K; 3, 303 K; 4, 313 K; 5, 323 K; 6, 333 K; 7, delay curve of laser flash 

(excitation with )ex= 514 nm, registration at 2 ~g = 640 nm). 
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So it is unclear which reaction volume is necessary for 
the viscosity-dependent rotation process [23]. Fur- 
ther, sometimes both geometric isomers of azo dyes 
give fluorescence signals difficult to analyse. 

Relations between probe fluorescence derived par- 
ameters and viscosity-dependent parameters 

For describing the viscosity-dependent processes, 
there are three fundamental treatments, viz. Debye- 
Stokes--Einstein (DSE) theory [24], Eyrings hole- 
theory [25] and the microviscosity theory of Gierer 
and Wirtz [26]. For the systems investigated here, the 
last model should be the most useful. Therefore, 
the following expression holds between macroscopic 
viscosity (q) and kro ~ [27] 

krodl = ~ + 6q" (5) 

where ~ is the DSE factor and 6 is the microviscosity 
factor derived from the probe used. The exponent 7 
is a measure of the portion of the rotation of "sol- 
vated" probe molecule into "holes" of the polymeric 
matrix. It is given by: 

E~" - E.~ '~ 
(6) 7 E~ 

where E~ v is the activation energy of the rotational 
process derived from dynamic viscosity, E m~ is the 
activation energy of rotational process derived from 
microviscosity. 

The value of E~ v can be determined experimentally 
by measuring r/ as a function of temperature (T): 

tl = qo exp(E~V/RT) (7) 

with q0 being the viscosity at infinite temperature. 
This process corresponds to Stokes rotational 

diffusion. 
In general, the rotational mobility (mrot) of the 

probe in a polymeric system is given by [28]: 

mro~ = A e x p ( -  V~r/HV~) (8) 

where A is the pre-exponential coefficient, V'cr is the 
fractional critical free volume, V~ is the fractional free 
volume. Using the experimental values of kro~ or ~ro~ 
one obtains 

kro , = kr°ot e x p ( -  V~r / V~) (9) 

fro, = r °o~ exp( V~/V~) (10) 

with the known expression 

V~r = (/~ Vo)' (11) 

equation (10) is transformed to 
- -  0 Lot - Z~ot exp((flVo)'/V~) (12) 

with V 0 being the volume swept out by the rotating 
group of the probe molecule (approximately identical 
with its van der Waals volume). 

As follows from equation (10), the ratio of the 
critical free volume to the free volume of the poly- 
meric matrix determines the rotational mobility of the 
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probe. Further, the temperature dependence of Zrot 
can be expressed by 

__ 0 rot 
"grot - -  Trot exp(E. /RT) (13) 

where E r°t is the activation energy of the rotational 
process of the probe. 

Because there are internal rotation barriers in the 
probe molecule, measured E~ °' values express the 
hindrance to the rotation of probe molecules by the 
polymeric matrix. Equation (12) can be used for 
polymer systems below and above T~ but the values 
of El, °t are different for the two regions. Therefore, 
from the crossing points of appropriate Arrhenius 
plots, values of T s can be determined. 

Substituting Z~o t in equation (13) by equation (12) 
results in: 

f ,o' (/~ V0)' 
- -  - - -  ( 1 4 )  
R r  v; 

From the above parameters, the fractional free 
volume can be calculated with equation (15), which 
is derived from the WLF-theory [29] and is obeyed 
above Tg. 

V~ = V ~  + ~ f ( T  - T g )  ( 1 5 )  

where V~ is the fractional free volume at T, 
(V~=0.025) [29, 30], ~f is the thermal expansion 
coefficient (~f= 4.8.10 -4 K -1 [29, 30]). 

Using equation (16), V~ can be determined also 
from temperature dependent measurements of the 
macroscopic viscosity [31]. 

in q = In r/g 0cf(T -- Tg) (16) 
[v~ + ~(T - r~)]v~ 

with t/s being the viscosity at Tg. 
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Fig. 5. Plots of experimental data for macroviscosity (r/) 
and rotation rate constants (krot)  of the MV probe in 
DGEBA corresponding to equation (5). I, 7 =0.6; 2, 

7 =0.9. 

However, equation (14) is usable if (//• V0)' >> V~. 
With the same fluorescence probe but different poly- 
meric matrices, change in E', °` values indicates to a 
first approximation changes in V( values, because the 
(fl" V0)' factor is influenced mainly by the probe 
molecule. The mismatch of the probe and polymer 
structures in the glassy state creates a "hole" around 
the probe. Thus, it can be expected that, in glassy 
polymer states, the E r°t values are lower than those in 
elastic states. 

The stated expressions allow calculation of the 
fractional critical free volume by means of experimen- 
tal data for r/ and ~rot, and to compare the contri- 
butions of different processes to the overall rotational 
process. Furthermore, Tg values can be calculated. 

Studies  in D G E B A  

In DGEBA, changes in the macroscopic viscosity 
are possible by varying the temperature. Thus, 
both temperature dependence of q and viscosity 
dependence of ~ro, can be measured. A plot of 
the experimental data corresponding to equation (7) 
(in logarithmic version) gives a linear relationship 
expressed by 

77,200 
ln r /=  - -  23.1. (17) 

RT 

Thus, for DGEBA the activation energy for a Stokes 
process is given by E~V= 77.2 kJ. mol-L 

The measured data for zrot and r/ were put into 
equation (5) and values for ~, 7 and 6 evaluated by 
least-squares fits varying in the range of 0--1. Two 
results of such procedures are shown in Fig. 5. As can 
be seen, with 7 = 0.6 the required linear plot between 
the experimental data is obeyed. Therefore, it can be 
assumed that 60% of the probe rotation is influenced 
by Stokes processes and ca 40% by a free volume 
diffusion. This estimate is supported by the results of 
another plot. As shown in Fig. 6, the In %t vs In r/plot 
is linear. The mathematical expression of such depen- 
dence is given by 

I n  l~ro t = X In q + C (18) 

o r  

Zrot = Crl x . (19) 
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Fig. 6. Logarithmic plot for the dependence of the rotation 
lifetime (%or) on macroviscosity (7) in DGEBA, correspond- 

ing to equation (18). 
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The exponent x has been calculated from Fig. 6 as 
0.65. This value agrees with that of the above esti- 
mation. Further, other dyes possess similar x values, 
measured in other viscous media [31]. 

However, equation (19) is only linear over a small 
viscosity range (ca 10-5000 mPa) [32]. Thus, equation 
(5) is better suited for describing the situation over a 
wide range of r/. The temperature dependence of fro t 
is given in Fig. 7. As expected, a linear relationship 

o. 6 

/ corresponding to equation (13) has been found and 
a value rot_ E,  - 4 4 k J .  mol -~ is obtained. Thus, the 
activation energy of the rotational process is only ca 
60% of that of Stokes diffusion derived processes. As 
will be discussed below, the activation energy 

44,000 
In Zro t 21.6 (20) 

RT 

for probe rotation in polymer holes is very small. 
Therefore, in DGEBA the value 0.6 for the ratio E r°t 
to El  v agrees well with the above evaluated ~, expo- 
nent. Again, this result supports the assumptions 
that, also in the highly viscous diglycidylether inves- 
tigated, some properties can be described with the 
free volume model. It is interesting to note that 
all modulated curves give approximately the same 
intercept. This result corresponds to the theoretical 
predictions. 

Using equation (15), from the above experimental 
q / T  relationship, the fractional free volumes V~ and 
V~ can be calculated. T s of glassy DGEBA was found 
to be -18°C.  Using the experimental data, the 
following equation holds: 

V~ = 0.043 + 4.8.10-4(T - 255). (21) 

Thus, V~ can be calculated for each temperature and, 
using equation (12), a plot of ln(zro,) against I/V~ is 
possible (Fig. 8). From the slope of this linear 
relationship, (flV0)' was found to be 0.55. At room 
temperature, the fractional free volume V~ of 
DGEBA is 0.058. So, the requirement for use of 
equation (16) is satisfied. 
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Fig. 7. Temperature dependence of rotation lifetime (r,o,) in 
DGEBA corresponding to equation (13). 
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The theoretical derivations require the plots corre- 
sponding to equations (10) and (13) must lead to the 

0 value. For MV, with the experimental s a m e  Tro t 
results of this paper, r°rot = 2.0 psec [equation (10)] 
and Z°o,= 1.5psec [equation (13)] have been ob- 
tained. These values agree quite well and lie in the 
expected regions. 

Studies on the novolacs 

In bisphenol-A derived novolacs (DNL), the fluor- 
escence of MV decays according to bi-exponential 
curves, i.e. 

If(t) = A I exp ( - t / z~ )  + A 2 exp(- t /z~) .  (22) 

As for the mono-exponential decay, the different 
lifetimes (z~ and r~) were calculated by an iterative 
convolution procedure. As can be seen from the data 
summarized in Table 1, the z~ and , r  z values differ 
markedly. Furthermore, the coefficients A~ and A 2, 
which indicate the proportions of the processes on the 
overall fluorescence, are very different. The short- 
lived excited state (z~) strongly dominates. But, both 
excited species repsonsible for the z~ and z~ processes 
refer to the MV molecule as shown by the emission 
spectra. 

So far, the reason for the bi-exponential decay is 
unclear. Two explanations might be made: 

(1) probe molecules are located in two regions 
with different possibilities for relaxation 
processes; 

I 2 Table 1. Lifetimes (~1 and r f) and distribution factors (A I and A 2) 
of the two emitting species of MV in novolac DNL 7.5 

Temperature r~ r~ 
(C) (psec) A, (psec) A 2 

10 526 250 3400 9 
15 518 250 4500 6 
20 480 270 5500 4 
30 470 270 4900 6 
40 430 280 4500 5 
50 390 300 5500 4 
60 355 320 9500 4 
70 313 340 20,000 4 

Fig. 8. Rotation lifetime r,ot vs fractional free volume V~ for 
the data on DGEBA. 
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Fig. 9. Arrhenius plot for rotation lifetime (*rot) in DNL 7.5 
corresponding to equation (13). 

(2) inhomogeneous distribution of the probe 
molecule in the matrix; a sum of exponen- 
tial curves might occur but the bi-exponen- 
tial decay describes best the fluorescence 
process. 

These explanations are still speculative. For further 
discussion, only the z~ values are used. So, the main 
deactivation pathway of excited fluorescence probe 
has been monitored. 

The Arrhenius plots of ~ values show a disconti- 
nuity (see Fig. 9). The crossing points of the two lines 
agree quite well with the Tg values found by DSC; 
data are listed in Table 2. Further, activation energies 
Er. °t below and above Tg were calculated from the 
Arrhenius plots and are reported in Table 2. 

As follows from these values, in the rubbery state 
of the novolacs (T > Tg), E[ °~ values are higher than 
those in the glassy state. Due to the higher microvis- 
cosity above T 8, the rotational process (krot) is more 
restricted and therefore more temperature-depen- 
dent. In the glassy state of the novolacs, the polymer 
chain movement is nearly frozen and the rotational 
process takes place mainly in "holes" of the 
polymeric matrix, resulting in smaller Era °t values. 

Surprisingly, the different novolacs possess the 
same T v Probably, the investigated novolacs appear 
to be mixtures of bisphenol-A and oligomers. With 
HPLC techniques, in all DNL substances, the initial 
phenolic compound was detected. Such mixtures 
could be the reason for the almost constant z~ and Tg 
values observed in spite of a significant increase of 

Table 3. Activation energies of probe rotational process (E[ °t) and 
lifetimes of excited probe molecules at 20°C (*r) in DGEBA-novolac 

mixtures 

DGEBA content E[ °t -:f 
Novolac (mass %) (kJ.  mol-  ~) (psee) 

Without 100 44 640 
DNL-5 95 42 790 
DNL-5 73 40 I 110 
DNL-5 63 40 1650 
DNL-5 58 37 1810 
DNL-5 55 36 1950 
DNL-5 0 14 359 
DNL-7.5 55 31 1940 
DNL-10 55 33 1880 
DNL-12.5 55 33 2110 
DNL-15 55 33 2110 

3t" n. A similar result has been found for the lifetimes 
z~ (see Table 2). 

Studies on D G E B A - D N L  mixtures 

To obtain information about initial non-hardened 
epoxy systems, mixtures of DNL and DGEBA have 
been investigated with the fluorescence probe MV. In 
such mixtures (mass contents of DGEBA see 
Table 3), only one emitting species was detected. 
Further, the logarithmic Zro t values depend linearly on 
(temperature) -~ corresponding to equation (13). 
Thus, within the temperature range investigated 
(10-70°C), no changes in the state of the polymeric 
system occur. As the Ea °t values also indicate, the 
mixtures are in a viscous state for above Tg. 

Results of rr and E~ °~ measurements for several 
DGEBA-DNL mixtures are listed in Table 3. As can 
be seen, with increasing content of DNL in the 
mixtures, the mobility of MV is reduced. Both the 
increased zr values and the decreased E~ °t values 
support this statement. Probably, a stronger hydro- 
gen-bond interaction between DNL and MV mainly 
causes the restricted mobility. In pure DNL however, 
the Zr data do not correspond with that view. Perhaps 
the morphologies of the two systems are quite differ- 
ent. So, for geometrical reasons, hydrogen-bonds to 
the probe molecules are hindered. Again, the DNL 
type has less influence on the mobility data. 
Altogether, in DGEBA-DNL mixtures, evidence for 
strong hydrogen bonds between the components has 
been found using time-resolved fluorescence measure- 
ments. Such a situation must change the conditions 
for the curing process between the diglycidyl ether 
and novolacs. Indeed, the activation energy for that 
process (ca 80 kJ • mol -~) is much higher than for the 
amine curing of epoxies (between 50-55 kJ-mol-~).  
We will report more results on this process in the 
future. 

Table 2. Average molar weights of the novolacs used (2i?.), fluorescence lifetime of the probe at 20°C, 
glass transition temperatures of the novolacs determined by fluorescence [Tg(fl)], glass transition 
temperatures of the novolacs determined by DSC [Tg(DSC)], and activation energies of the probe 

rotation in the novolacs at T > Ta [Er,°t(I)] and at T < T I IE~°~(2)] 
~¢. z~ T s (DSC) T~ (fl) ETt(1) Era°t(2) 

Novolac (g/mo0 (psec) (°C) (°C) (kJ . mol I) (kJ.  mol- i )  

DNL-5 377 530 29 43 14 +_ 3 3 + 1 
DNL-7.5 587 480 30 43 9 + 2 4 _+ I 
DNL-10 621 350 30 43 10 _4- 2 3 _+ 1 
DNL-I 2.5 647 570 34 44 10_+2 5__. 1 
DNL-15 816 480 35 44 7 _ 2 3 _+ 1 
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