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ABSTRACT: Two sequential urethane—acrylate interpenetrating network (IPN) systems were prepared
in which the polyurethane (PU) phase is labeled with donor and acceptor dyes. Direct nonradiative energy
transfer (DET) measurements on these systems indicate less efficient energy transfer in the IPN than in
the corresponding pure PU matrix. This result is interpreted in terms of dilution of the dyes by mixing
at the molecular level between the polyacrylate (PA) and PU components. Quantitative analysis of the
changes in DET efficiency allows the extent of phase mixing to be calculated. The two SeqlPN's,
PUZEPA(EHA)PUY™ and PUSITFPA(IBA)'®™, were labeled by incorporating phenanthrene and
ant%racene diols into the reaction mixture. Fluorescence decays of phenanthrene in these samples were
measured by the single-photon-timing technique and analyzed in terms of both the Forster model for
DET and the Perrin model for static quenching. Both analyses gave similar extents of phase mixing,
and these values are in good accord with the results of electron microscopy and dynamic mechanical
experiments. Similar experiments were carried out during the polymerization reaction. These allowed

features of the morphology evolution to be understood.

Introduction

In the preceding paper,! we described the preparation
and global morphology of three different urethane—
acrylate interpenetrating network (IPN) systems pre-
pared from the same mixture of monomers. These
IPN'’s, all containing 67 wt % urethane and 33 wt %
acrylate, differ only in the order in which the various
monomers were polymerized. When the acrylate was
polymerized first, by photoinitiation using 2,2-dimethoxy-
2-phenylacetophenone as the photoinitiator, large (100—
300 nm) globular polyacrylate domains were observed
as the dispersed phase in a continuous polyurethane
matrix (SeqIPN PA(EHA)100%pU100%; cf Figure 3B in
the preceding paper?). When the urethane phase was
first polymerized prior to the gel point (ca. 50% con-
sumption of NCO groups by infrared spectroscopy),
followed by photopolymerization of the acrylate and
then thermal polymerization to completion of the ure-
thane, somewhat smaller acrylate domains were ob-
served by transmission electron microscopy (TEM)
(SimIPN PUS0%PA(EHA)100%p100%: f Figure 3C in the
preceding paper?). Here the domains were less regular
in shape and the phase boundaries appeared to be more
diffuse. Finally, if the urethane component was first
polymerized to ca. 75% completion (i.e. with 25% of the
NCO peak intensity remaining in the IR spectrum),
then irradiated to photopolymerize the acrylate, and
finally allowed to cure at room temperature until
complete disappearance of the NCO groups from the IR
spectrum, a different morphology was obtained.

This cure protocol yielded a transparent matrix with
very small (<20 nm) polyacrylate domains seen by TEM
(cf. Figure 3A in the preceding paper!). We refer to the

*To whom correspondence should be addressed: e-mail
mwinnik@alchemy.chem.utoronto.ca.

® Abstract published in Advance ACS Abstracts, September 15,
1996.

polymer prepared in this way as SeqIPN PUJXPA
(EHA)*PU®® |n Part 1 we examined the mor-
phology of this sample in more detail by labeling it with
fluorescent dyes and carrying out energy transfer
experiments. In Part 2, we describe DET experi-
ments on labeled samples of SeqlPN PU *PA
(IBA)*”, which is a close analog of SeqIPN PU/;ZPA
(EHA)PU®*  \We study the degree of phase mix-
ing at both the intermediate stage and the final stage
of IPN formation. Here the degree of mixing can be
compared with that obtained from shifts in the glass
transition temperature (T,) of the components using the
Fox equation as described in the preceding paper.!
Appendix A of that paper describes the notation for the
IPN systems, and Appendix | in this paper explains
more about fluorescent labels in these IPN samples.

We would like to emphasize at the ouset that the
objective of such experiments in a system of this
complexity is to obtain new insights into the structure.
Fluorescence and fluorescence decay experiments, like
scattering experiments, need a model in order to be
interpreted rigorously. In the sense that scattering
experiments can provide information about surface area
in a two-component blend without reference to a de-
tailed model, direct nonradiative energy transfer (DET)
measurements can provide information about mixing.

In the experiments described here, the urethane
phase is labeled with both the energy donor (phenan-
threne, Phe) and the energy acceptor (anthracene, An).
Previous experiments from our laboratory have shown
that in the absence of a second component, the dyes
attached to the polyurethane (PU) undergo energy
transfer in a manner completely in accord with both
Forster kinetics and the Perrin model for static quench-
ing.? These results establish the baseline for comparing
the influence of the second component, the acrylate, on
the DET kinetics. Significant changes do occur, and we
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attempt to rationalize these changes in terms of the
morphology of the IPN. The diol derivatives used to
introduce the Phe and An groups into the PU compo-
nent, Phe-diol and An-diol, are shown in Figure 1.

Experimental Section

L Preparation oIoog/Dugfl"g Ao/n,Pheo]PA(EHég;OO%PUlOO%,
PUGagpreaPAEHAY DPU, UL PA
EHA "PUTYY, PUS e PA(EHA "PUT", and
|(3u75%) PA(EHAg%g /‘%%Pﬂelg % (In ma)tkin fl

g15[An/Phe12] / . . g Tluorescence
labeled SeqIPN PUJTXPA(EHA)*PU'*™* samples, fluores-
cent compounds Phe-diol and An-diol (Figure 1 and Table 1)
were added to the monomer mixture used for preparing
PU;???QSEHﬁ)%t:)O%Puloo%' Fi\ég}/ samples, PU;E:SA)AO?IPhe(} EDI/A\
(E|_7|F§/e) PU i 100%, l]:.:)l(;ﬂgls[An/PhES]PA(EHA7)5% PU '
PUng[Al%E"/heG]F;'gB(O/EHA) PUT, PU s{An/Pheg PA
(EHA)™"PU", and

0 gl 0, 0/

PU;E?An/Phelz]PA(EHA)l PUT”,
were prepared by varying the An}Phe ratios (Table 1). These
samples were made by following the same processing condi-
tions described for PUS?PA(EHA)*PU " in the preced-
ing paper,! except that in this case, thinner films (50—150 um
thick) were prepared on surfaces of quartz plates (1 mm x 10
mm x 25 mm) for fluorescence decay measurements, in order
to avoid self-absorption of fluorescence emissions.

2. Preparation of SeqIPN PuéggglAn,Pheo]PA(l BA)iZE:,
PUclg(l)gg}[AanheS]PA(lBA)lootyv PUg:l.BO[An/F‘he(i I;;A‘(IBA) ’
PUgisoranphesiPA(IBA) 7, and PUgisoianpheiziPA
(IBA)™?. These samples were prepared on quartz sub-
strates as described above, by following the same processing
conditions described for PUZ 0 PA(IBA)'*™ in the preceding
papert. Monomer mixture compositions for each sample are
given in Table 2.

3. Fluorescence Decay Measurements. Fluorescence
decay profiles were measured by the time-correlated single-
photon-counting technique and analyzed by employing the
iterative reconvolution method.® Samples were excited at 300
nm with a pulsed D, lamp as the excitation source, fluores-
cence was detected at 366 nm, and 20000 counts were
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collected in the maximum channel. The instrumentation and
data analysis have been described previously.*®

Results and Discussion

The most common tools for investigating IPN mor-
phology are thermal methods such as differential scan-
ning calorimetry (DSC) and dynamic mechanical analy-
sis (DMA), and electron microscopy, both SEM and TEM.
In this way, one attempts to determine factors such as
domain size and shape, phase continuity, and the Ty of
each component. These global features are important
determinants of IPN properties and performance.®’” Two
other factors of great importance are the extent of phase
mixing in IPN'’s and the sharpness or diffuseness of the
interfaces between the components. Because the extent
of phase separation is restricted due to the nature of
the sample preparation, phase mixing should be a
common property of IPN’s. A common signature of
phase mixing is an inward shift in the apparent Tg's of
the components of an IPN.87 On occasion, one observes
a single Ty in IPN's formed from polymers with well-
separated individual T¢'s.8° In systems where a single
Ty is observed, one commonly interprets this result to
indicate extensive mixing of the components or, in the
extreme, formation of a single phase.®

We know relatively little about interfaces and inter-
phases in IPN’s. One might imagine that the properties
of the interface are determined by thermodynamic
factors, such as the Flory—Huggins y-parameter be-
tween the two components, and by Kkinetic factors
related to the relative kinetics of cross-linking and phase
separation. To obtain this kind of information, one
needs experimental techniques capable of investigating
interfaces at the molecular level.

Various approaches have been taken to study the
extent of phase mixing and the nature of the interfaces
in IPN’s. Among the most powerful are NMR methods,
particularly those involving spin diffusion,’® and X-ray
and neutron scattering.11=13 Although there have been
various reports in the literature describing these mea-
surements, the picture they provide is still far from
complete.

Fluorescence techniques are often a useful alternative
or a powerful complement to NMR and scattering
methods. These techniques, particularly direct nonra-
diative energy transfer (DET) methods, are being used
increasingly in polymer science to study polymer prop-

Table 1. SeqIPN PUJRYPA(EHA)"*PU" and PU Sample Compositions®2

sample urethane monomers (g) EHA + cross-linker (g)  Phe-diol (mg)  An-diol (mg)  An/Phe ratio
PU7ijAn,Pheo]PA(EHA)lOD%PUmO% 12.5 6.0 4.8 0 0
Puzi%iAn/Phes]PA(EHA)IOO%PU“’O% 125 6.0 4.8 14.4 3
Pugf;}An,Phee]PA(EHA)lOO%PUmO% 12,5 6.0 4.8 28.8 6
PUgsslanmneaPA(EHA)PU 125 6.0 4.8 432 9
ios[An/Phelz]PA(EHA)lOO%PUwO% 125 6.0 4.8 57.6 12
b 12,5 0 4.8 0 0
PU3 12.5 0 4.8 14.4 3
PU6 125 0 4.8 28.8 6
PU9 12.5 0 4.8 43.2 9
PU12 12.5 0 4.8 57.6 12

Table 2. SeqIPN PUPA(EHA)'** Compositionst?

sample urethane monomers (g) IBA + cross-linker (g) Phe-diol (mg) An-diol (mg) An/Phe ratio
PUlggzﬁAmphempA(lBA)mO% 12.5 6.0 4.8 0 0
PU s PABA) " 125 6.0 a8 14.4 3
Puggg:ﬁAn/PheE}]PA(lBA)mO% 12.5 6.0 4.8 28.8 6
PU%EgQO/TAn/Pheg]PA(IBA)loo% 125 6.0 4.8 43.2 9
Puzgg(U)O[An/Phelz] PA(IBA)"%* 12.5 6.0 4.8 57.6 12
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erties’ such as conformation,'® diffusion,’® and mor-
phology.'” They have not yet been applied to the study
of traditional IPN’s. We have, however, used these
techniques with good success to establish that a set of
polymeric microspheres which we prepared by disper-
sion polymerization in hydrocarbon media had an IPN-
like structure. In one of the most interesting of these
experiments,* we could demonstrate phase continuity
by showing that a fluorescence quencher introduced
outside the particles could permeate through the minor
component to reach fluorescent groups in the interior
of the particles.

Here we look at structure rather than transport, using
phenanthrene as the energy donor and anthracene as
the energy acceptor. This pair, which has a character-
istic Forster distance R of 25.5 A 18 has been used in a
number of studies of polymer systems.15¢1619 The
attractiveness of Phe as a donor chromophore is that it
is relatively insensitive to the chemical details of its
surroundings and, following pulsed excitation, com-
monly decays to the ground state via a simple exponen-
tial decay law.

Energy Transfer in the Polyurethane Matrix. As
a baseline for these experiments, we prepared a series
of polyurethane samples with the same composition as
the PU component of the IPN’s reported here. The PU
samples were labeled with the donor and acceptor diols
shown in Figure 1. The sample containing only Phe
exhibited an exponential decay profile. As increasing
amounts of An were introduced into the sample, the
profiles decayed more rapidly at early times, in a
manner entirely consistent with Férster decay kinetics.2
In such a system, with a random three-dimensional
distribution of donors and acceptors, the donor fluores-
cence decay Ip(t) is described by the Forster equation:
20

Io(t) = Aexp|— L - P(l)o's] &)

To L)

Here 1 is the donor fluorescence lifetime in the absence
of acceptors, and P is proportional to the acceptor
(quencher) concentration [Q]:202

47°*NR,’[0]
P=7>""3000 2)

In eq 2, v is an orientation factor, and N is Avogadro’s
number.

Systems that follow Férster kinetics involve static
guenching. In such systems, one often finds that the
decrease in donor fluorescence intensity caused by
nonradiative energy transfer to the acceptor follows the
behavior of the Perrin static quenching model.?2 This
model was developed to describe static quenching
between randomly distributed, immobile fluorophores
and quenchers which are accidentally in proximity.
Although the assumptions of the model as they were
originally developed (instantaneous quenching of the
donor D if the quencher is anywhere inside a quenching
sphere of radius R centered on D*, and no quenching
if Q is outside of this volume) are more restrictive than
would seem necessary, Inokuti and Hirayama have
shown that this type of quenching behavior is obtained
for static pairs when there is a distance-dependent rate
of interaction between them.?> When Perrin kinetics
are followed, one can obtain the radius of the quenching
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Figure 2. Fluorescence decay profile for sample

PU it ampneoPAEHA) **PU and the weighted residuals
from single-exponential fit to the decay (7o = 48.7 ns, y?> = 1.86).
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sphere R from data plotted according to the expression

In % = 2R (] 3)

where F and Fy are defined below. In the PU samples
described above, fluorescence intensities calculated by
integrating the normalized fluorescence decay profiles
gave an excellent fit when plotted according to eq 3,
yielding a value of Rs very close to that of Ry.2

Part 1. Degree of Phase Mixing in SeqlPN
PUEPA(EHA) ™ PU%

Fluorescence Decay Profiles for Labeled Se-
qlPN PUJPPA(EHA)PU™.  The fluorescence

decay  profile  for  sample  PU[StA pneoPA
(EHA)*pUt®® Jabeled only with Phe, is shown in
Figure 2. The profile can be fitted to a single-
exponential function to yield 7o = 48.7 ns and y? = 1.86.
By comparison, the Phe-labeled PU matrix exhibits an
exponential decay with 7o = 49.7 ns and y2 = 1.04.
While the overall lifetime is not very different, small
deviations from exponentiallity are apparent. These
deviations can be seen in the weighted residuals in
Figure 2. The most serious deviations occur at early
times and may be due to some scattered excitation light
reaching the detector, but there is a further indication
of small deviations at long times in the decay. These
deviations are sufficiently small that they are difficult
to interpret unambiguously. We do know that the
photoinitiator introduces a low concentration of aro-
matic ketone groups into the acrylate phase, and these
are effective (static) quenchers of phenanthrene fluo-
rescence.?* It may be that a very small fraction of the
Phe groups are influenced by these ketone substituents
on the ends of the acrylate chains. To proceed, however,
it is necessary to treat the value of 7o = 48.7 ns obtained
in this experiment as the unquenched donor fluores-
cence lifetime.

Introduction of acceptors (An) into samples
PU;ig‘fAn/Phw]PA(EHA)lOO%PUlOO% to PUZ;iOS/?An/PhelZ]PA
(EHA)pPU® enhances the phenanthrene decay
rate. With increasing concentrations of An in the
samples, one observes more pronounced curvature in
the decay profiles and a decrease in the area under each
decay curve. Similar behavior was observed in the PU
samples.?2 We proceed with our analysis by comparing



7058 Yang et al.

10+ ]
> 10’ —
L
(%] 1
Z o+ 2 e .
—
z |
10 —
o1 1T
0 50 100 150 2 250
TIME (ns)
Figure 3. Fluorescence decay curves for SeqlPN
PU et anpheizPA(EHA)*PUY (1) and PU12 (2).
10" .
3
. 10 =
=
[%2]
Z 10 -1
w
'_
Z
10 ]
IO° T T T T
0] 50 100 150 200 250
TIME (ns)

Figure 4. Fluorescence decay profiles for SeqIPN samples
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PUZRPA(EHA)PU samples with PU samples
containing similar amounts of acceptor. For example,
in Figure 3, we compare fluorescence decay curves of
sample PU/S2anpne1zPA(EHA) ®PU™ with that of
PU12. Both contain the same extent of Phe and An
labeling, with the labels confined to the urethane
polymer. ~ One  sees  that  PU.[tia pheinPA
(EHA)?pU®® exhibits faster decay at early times
and a slower decay at later times (75—250 ns) than the
PU12 sample. When the decay profiles are normalized
and then integrated, one finds that the area under the
PU g etanpheizPAEHA)PUY  sample is  signifi-
cantly larger than that of the PU12 sample. This
behavior is seen in all four pairs of samples with
different levels of labeling by acceptor. From this
qualitative examination of the decay curves, we can
draw the major conclusions of this paper: in the IPN
sample, there is a broader distribution of Phe/An
separation distances and significantly less energy trans-
fer. For the extent of energy transfer to decrease in the
IPN, the urethane component must be diluted with
acrylate polymer. This points to significant mixing of
the two polymers in the system.
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Fluorescence decay curves for all of the PUZXPA
(EHA)*PU®® samples are shown in Figure 4. The
remainder of Part 1 in this paper is devoted to an
attempt to quantify the extent of intermixing in these
samples by fitting the decay curves to various models.

Data Analysis in Terms of the Perrin Model.
According to eq 3, the Perrin model considers the
influence of quencher concentration on the relative
fluorescence intensity Fo/F of the fluorophore. In thin-
film samples, the most reliable way to obtain these
intensities is to integrate the normalized fluorescence
decay curve.?225 Here we fit the decay curves to a sum
of two exponential terms (Table 3), and the fluorescence
intensity is given by the expression F = Aity + A.to
(Table 4). Perrin plots of the data for the SeqlPN
PUJZPA(EHA) ' **PU™ samples and for the PU
samples are presented in Figure 5. Note that the x-axis
([An]pu) in this plot is the concentration of quencher
calculated from the number of moles of An and the
amount of polyurethane precursor in the system; cf.
Table 1. For the isotropic PU sample, this represents
the true concentration of quencher in the sample. From
the smaller slope found for the SeqIPN PU/JZPA
(EHA)?*pyUt®®® samples, we infer that the quencher
concentration is diluted with respect to the PU sample.

To proceed with the analysis, we assume that the
radius of the active quenching sphere (Rs) for the Phe/
An interaction in both systems is the same and that all
fluorophores are confined to, and randomly distributed
within, some subset Vs of the total IPN volume (Viotal).
If the volumes of the polyacrylate Vpa and the polyure-
thane Vpy components are additive (Vpa + Vpu = Viotal),
this analysis indicates that Vpa > Vpy, and the follow-
ing relationship is always valid (cf. Appendix II):

An (mol) added = [An]p s x Vo = [Anly % Vey (4)

Voia _ slope(PU)
Vo, slope(IPN)

(5)

From the slopes of the two Perrin plots in Figure 5,
Vpia/Vpu = 1.34 was obtained. This suggests that all
fluorophores are distributed in a volume (Vpa) which
is larger than the volume of the original polyurethane
component (Vpy) in the IPN. Since all fluorophores are
covalently bonded only to the polyurethane network,
this increase in volume of this phase must be related
to polyacrylate chain interpenetration into the polyure-
thane-rich continuous phase.

Data Analysis in Terms of the Forster Model. In
previous experiments,? we examined the donor fluores-
cence decay profiles in samples of polyurethane having
the same composition as the PU component of the IPN’s
studied here. In those experiments, each individual Phe
fluorescence decay curve gave a good fit to eq 1, and
the values of P obtained were proportional to the global
concentration of acceptor [An]py in the system. These

Table 3. Parameters from Double-Exponential Fit to SeqIPN PU/SPPA(EHA)*PU™ Decay Profiles

sample 103[An]PU A2 7 AR T2 %
PU7f;j‘EAn,PhGO]PA(EHA)lOO%PUmO% 0 0.874 495 0.126 10.6 0.97
PUgf%}An,phealPA(EHA)wO%PUwO% 451 0.729 47.3 0.271 15.9 1.56
PUZ?;/‘EANPM]PA(EHA)NO%PUloo% 9.02 0.617 44.2 0.383 14.8 1.85
PUgf%}An,pheQ]PA(EHA)mO%PU1°°°/“ 13.5 0.512 42.2 0.488 15.1 1.92
PU. i anphe1zPA(EHA) 0 pU oo 18.0 0.443 40.7 0.557 13.9 1.86

a2 Normalized.
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Table 4. Fluorescence Intensity Calculation for SeqlPN
PU/SEPA(EHA)PU™ samples

In
103[An]pu F Fo (FD/F)

44.6 (Fo) 446 0

sample
PUggSlanmneaPAEHA) SPUIR 0

U‘-}%us/:[A“’P“eB]PA(EHA)iZZ:ZPUizz:Z 451 38.8 44.6 0.139
PUglg;[An/PheS]PA(EHA) CPU 9.02 329 44.6 0.303
PUgi’sjAn/pneg]PA(EHA)lOMPUmM 13.5 29.0 44.6 0.431

o% 18.0 25.7 44.6 0.549

915[An/Phel2] PA
(E HA)lOO%P U 100%

0.8 T | T T T T

o
)
I

tn (Fo/F)
o
D

| TR B L
o 4 8 12 6 20

10° [AnT g, (M)

Figure 5. Perrin plots for SeqIPN PU/SZPA(EHA)!**pU*o”
(filled symbol) and PU samples (open symbol).
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Figure 6. Forster equation fit to SeqIPN PUgy gianpneizPA
(EHA)**PU™™ decay.

results serve as the basis of comparison for the data
obtained here.

The IPN fluorescence decay profiles (Figure 4) were
fitted to the Forster expression, eq 1. The fit of the data
for sample PUZ2innpneizPAEHA) **PU is shown
in Figure 6, and the corresponding weighted residuals
are plotted in Figure 7. Relatively high 2 values (3—
4) and relatively large weighted residuals were ob-
served, particularly in the early channels (Figure 7).

To further analyze the data-fitting process, we exam-
ine more closely the Forster expression fit to the
PUZ et anpheizPACEHA)*PU decay shown in Fig-
ure 6. Deviations from the fit occur both in the tail of
the decay curve and at very early times. Deviations
from Foérster model fitting, in terms of 2 and the
magnitude of weighted residuals, increase with the
increase of quencher concentration. In Figure 3, we
compare the shape of the decay profile for this sample
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with that of PU12, containing the same amount of An
per volume of PU. A faster decay of the
PUJ e Amphe1z PAGEHA)*PU  fluorescence  inten-
sity occurs in the early (first 20) channels, compared
with the decay of the PU12 sample. More rapid decay
points to the contribution of donors surrounded by a
higher local concentration of acceptors than in the PU
sample. One also observes a longer tail in the decay of
the PUS2 anphezPA(EHA)PU sample. This ob-
servation suggests that some donors in the IPN sample
are surrounded by a lower local concentration of accep-
tor than in the PU12 sample. Taken together, we infer
from these differences that the distribution of donors
and acceptors is broader in the IPN sample than in the
PU sample. A better fit to the decay curves should be
obtained if one could derive an energy transfer kinetic
expression with an appropriate distribution function for
the Phe/An groups across the PU/PA interface.

P values were obtained from the fits, and it is
interesting to note that the P vs [An] plot is still linear
with good precision (Figure 8), despite the deviations
in the individual fits. The P values are listed in Table
5. In plotting the data in Figure 8, to facilitate
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Table 5. Parameters from Forster Eq 1 Fitting to IPN
PUSEPA(EHA)*PU'™" Decay Profiles

7o
sample 103[An]pu P (fixed) »2

PU;i’ZjAn,pheO]PA(EHA)”"%PUNU% 0 0.00917 48.7 1.75
Pugi‘;}"An,Pm]PA(EHA)lOO%PumO% 451 0.238 487 3.11

gi’%}An/pheG]PA(EHA)mO%PUm‘)% 9.02 0503 48.7 3.31
Pngg}}An,Pheg]PA(EHA)lDO%PUmO% 13.5 0752  48.7 3.54

18.0 0.947 48.7 4.24

gls[An/PhelZ]PA
(E HA)lOO%P UlOO%

comparison with the previous experiments on the pure
PU component, we choose [An]py as the x-axis and
calculate [An]py by dividing the number of moles of An
in the system by the predicted volume of the PU
component in the IPN. We conclude from this Forster
model analysis that the fluorophores are not randomly
distributed in the IPN samples; therefore the P param-
eter represents an averaged acceptor concentration in
the portion of the sample in which the chromophores
are located.

To proceed with our analysis, we compare the values
of the P parameter obtained from the IPN samples to
those obtained from the PU samples. Here we assume
that the Forster energy transfer critical radius Ry is the
same in both the IPN and the polyurethane network.
Once again, the slope for the data from the PU samples
is greater than that for the IPN samples (Figure 8).
Smaller values of P indicate less fluorescence quenching
in the IPN samples, consistent with dilution of the
chromophores in the IPN relative to the PU matrix. By
applying the same analysis method used in the Perrin
plot section above, we calculate from the slope ratios
that VD/A/VPU = 1.36.

IPN Morphology Analysis. In SeqIPN PU[ZPA
(EHA)PU®® samples, both the Perrin model and
the Forster model reveal that the acceptor concentration
[An]p/a inferred from the experimental data is more
dilute than that one would obtain if the chromophores
remained confined to the PU phase. This 34—36%
dilution factor strongly suggests some miscibility of the
polyacrylate with the polyurethane, increasing the
volume of this phase and thereby increasing as well the
mean separation of the chromophores. A simple analy-
sis of the dilution effect can be developed as follows:
Assuming additive volumes, the total volume of the
sample Vigtal = Vpu + Vpa, Where Vpy and Vpa refer to
the volumes anticipated from polymerization of the
individual components. Similarly, Viotat = Vb/a + V'pa,
where V'pa Now refers to the discrete unmixed PA phase
in the final IPN. By definition, based upon the fluo-
rescence results, this is the domain which excludes the
fluorescent labels. From this analysis, we calculate that
about 70% of the polyacrylate interpenetrates into
polyurethane-rich continuous phase, and the remaining
30% of the polyacrylate (PA') forms the dispersed phase.
In the preceding paper,! good phase mixing (single Ty)
and very small phase domains (<20 nm) were observed
for this SeqIPN system. We now suggest that the small
discrete phases observed in the TEM images for this
IPN PUZZCPAEHA)PU correspond to the dis-
persed PA' phase.

This type of IPN morphology resembles that of a poly-
(ethyl acrylate)—PMMA IPN reported by Sperling and
co-workers more than 20 years ago.?6 Sperling and co-
workers proposed a wall and cell model to describe
polymer chain interpenetration on the molecular or
segmental level.26 This wall and cell model predicts that
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the dispersed phases are virtually interconnected by
their own polymer chains, which interpenetrate through
the continuous phase (Figure 9).526 Note that these
interpenetrated polymer chains will increase the volume
of the continuous phase. This wall and cell model
facilitates our data interpretation. In terms of this
model, in SeqIlPN PUSCPA(EHA)*PU, about
70% of the polyacrylate serve as connecting chains,
interpenetrated into the polyurethane-rich continuous
phase, and 30% of the polyacrylate form the nodules of
the dispersed phase.

It would be useful to compare the extent of mixing
calculated from energy transfer experiments with that
estimated in the previous paper from shifts in tan ¢ in
DMA measurements. In the specific case described
above, this comparison is not possible. The Ty values
of the PU and PEHA components are too similar for
meaningful information to be obtained by DMA. This
type of analysis is possible only for the PU—-PIBA
system, where the individual Tg's are well separated.

Part 2. Energy Transfer Studies in SeqlPN
PU_i50 PA(IBA)

In the preceding paper,! we described a series of PIBA
IPN samples, of which SeqIPN PUZRSPA(IBA) " ex-
hibited the greatest the degree of phase mixing. The
extent of phase mixing in this sample could be estimated
from DMA experiments. Here we compare the results
of DET experiments with the DMA results. In fact a
more thorough analysis of mixing can be carried out,
made possible by the insensitivity of phenanthrene
fluorescence to quenching by acrylate esters. We can
label the PU phase with both phenanthrene and an-
thracene and study the energy transfer in the interme-
diate stage [PUIS0awengPAIBA)™] (cf. Figure 10)
where the PU phase is swollen by acrylate monomer.
This can be compared to the fully cured IPN to assess
the timing and extent of demixing in the system.

Energy Transfer in the Intermediate Stage. At
the intermediate stage of IPN formation, the polyure-
thane network has been formed but remains swollen by



Macromolecules, Vol. 29, No. 22, 1996

INTENSITY
ON
T
|

IO T
|
0] 50 100 150 200 250 300
TIME (ns)

Figure 11. Fluorescence decay profiles from the intermediate
. 00% 0%
stage (from  top to bottom: PU%(%%%{%A”,PM]PA(IBA)O;,
Pu%g%An/Phe3]PA(l BA)O%’ 100% PUQlSO[An/Ph%]P@/S IBA™

PUg1g0anphesiPAIBA)™, and PUg aoianpherzPA(IBA)).

INTENSITY
™

H Oo
b
=

>

1 | | |
100 150 200 250 300
TIME (ns)

WEIGHTED
RESIDUALS
o

A
L

(@)
(9]
o

Figure 12. Fluorescence decay profile for sample

PUaoianpheoPAIBA)™ and the weighted residuals from
single-exponential fit to the decay (7o = 48.7 ns, x> = 0.98).

the acrylate monomers. One anticipates that this
swelling will increase the distance between donors and
acceptors, leading to a decrease in the efficiency of
energy transfer relative to that of the pure PU compo-
nent. Fluorescence decays at this intermediate stage
are presented in Figure 11. These decays are analyzed
as described above in terms of both the Férster equation
and the Perrin model of static quenching.

The fluorescence decay profile for sample
PUj otanpheoPAIBA), labeled with only Phe, is
shown in Figure 12. This profile fits well to a single-
exponential decay function to yield 7o = 48.7 ns and y?
=0.98. The introduction of acceptors (An) enhances the
phenanthrene decay rate (Figure 11). Similar behavior
is also observed in the corresponding unswollen PU
samples. For comparable levels of acceptor labeling,
however, the fluorescence of the PU samples decays
faster than that of the corresponding PU 50 ianpnePA
(1BA)™ samples.

Data Analysis in Terms of the Forster Model.
The fluorescence decay profiles in Figure 11 were fitted
to the Forster equation, eq 1, with x2 < 1.3 for all
samples (Table 6). The P parameters are plotted
against [An]py in Figure 13. From eq 5, we obtain Vpa/
Vpu = 1.53, which implies that all acrylate monomers
are intimately mixed with the PU network.

Data Analysis in Terms of the Perrin Model. In
order to use the Perrin model (eq 3), we need to know
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Table 6. Parameters from Forster Eq 1 Fitting to
PU aoianpnePA(IBA)™ Decay Profiles

sample 10%[An]pu P to(fixed) x?

PU eaianpheoPA(IBA) ™ 0 3.6 x10% 487 0.93
Pu?‘l’gﬁﬁAn,phes]PA(lsA)U% 451  0.250 487 112
P g(1)goojAn/Phee]PA(|BA)O% 9.02  0.448 48.7 121
PU;E%:O“An,pheg]PA(I BA)® 135  0.640 487 121

UgtaoanpherzPA(IBA)™  18.0 0.865 487 1.26

8 i2 i6 20
10% [An],, (M)

Figure 13. P vs [Anley plots for PUZG0 nypnePA(IBA)™
(filled symbol) and PU samples (open symboﬁ).
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Figure 14. Perrin plots for PUZ R0 pnePA(IBA)™ (filled
symbol) and PU samples (open symbol).

the Fo/F values at each [An] concentration. We obtain
the Fo/F values by integrating the areas under the
normalized fluorescence decay curves. The Perrin plot
for PUS ooianpnePAIBA)™ samples are presented in
Figure 14. From the slope ratios, we obtain Vpa/Vpy =
1.51, which is very close to the value obtained from
fitting the decay curves to the Forster model (Vpa/Veu
= 1.53). From these experiments, we conclude that at
this stage of the reaction, the PU phase is homoge-
neously swollen with acrylate monomer.

Energy Transfer in the IPN. The samples de-
scribed above were exposed to UV irradiation to poly-
merize the PA component. Fluorescence decay profiles
for SeqIPN PU 050 snpne PA(IBA) ™ samples are given
in Figure 15. 'Ilhe fluorescence decay profile for
PU, SotanpneoPAIBA) ™, labeled with only Phe, can
be ?itted to an exponential decay function to yield 7o =
49.0 ns but with 2 = 1.51. Curing the PA component,
even in the case of the donor-only labeled samples, leads
to a significant increase in y2. These decay profiles were
also analyzed in terms of the Forster model and the
Perrin model, and the results are summarized below.
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Figure 15. Fluorescence decay profiles for SeqlPN
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Table 7. Parameters from Forster Eq 1 Fitting to
SeqIPN PU00 . /pnePA(IBA) % Decay Profiles

sample 103[An] P to(fixed)  x2
Puéggg}An,Pheo]PA(l BA)0% 0 70 =49.0 ns 1.51
??gfﬁAn,Phea]PA(l BA)®% 451 0.246 487 2.08
Pug‘fgéiAn,Phea]PA(l BA)0% 9.02 0.469 487 2.02
Pugggqun,Pheg]PA(l BA)® 135  0.668 487 465
PUgsotanpheizPA(IBA)' O 18.0  0.895 48.7 3.19
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Figure 16. P vs [An]ey plots for PUZRR0 A, pnePA(IBA) O
(filled symbol) and PU samples (open symbol).

Fitting these decay profiles to the Forster equation
led to relatively large 2 values (Table 7). However, the
P values are still proportional to [An]py (Figure 16).
From eq 5 we obtain Vpa/Vpy = 1.47. The Perrin plot
for SeqIPN PU 1o, o PA(IBA)' " is given in Figure
17, and we obtain from the slope ratios Vpa/Vpy = 1.41.

Comparison of DET and DMA Results on Phase
Composition. Energy transfer studies at both the
intermediate stage and the IPN stage indicate that the
fluorophores covalently bound to the PU polymer are
distributed in a volume (Vp,a) which is larger than the
volume Vpy of urethane itself (cf. Table 8). Full mixing
corresponds to Viota = 1.5Vpy: the IPN'’s consist of 67
wt% of PU and 33 wt % of PA (of comparable density),
and we assume that Vita) = Vpu + Vpa = Vpu + 0.5Vpy
= 1.5Vpy. In the intermediate stage, we find Vpa =
1.51Vpy and 1.53Vpy respectively from the two models,
and thus Vpa ~ Vita. This indicates intimate and
complete mixing of the acrylate monomers with the
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Figure 17. Perrin plots for PUZ R0 ianengPAIBA) Y (filled
symbol) and PU samples (open symbol).

Table 8. Calculated Vpa/Vpey in Three Systems

Voia/Veu
sample Forster model Perrin model

PU 1 1

Puéggéz AnphelPA( BA);):O% 1.53 151

PUngO[An/Phe]PA(I BA) 1.47 141

Table 9. Degree of Phase Mlioéjng in SeqIPN PUZRIPA
(I1BA)™""
PU-rich phase compositions
method PU (wt %) PA (wt %)

Forster model 70 30
Perrin model 72 28
DMA calculation 78 22

polyurethane network. At the IPN stage, Vpa < Viotal,
which implies that some portion of the PA is not
intimately mixed with the PU network. We calculate
that about 80% of the PA chains are mixed with PU.
The calculated extent of phase mixing for this sample
is presented in Table 9 and compared with the result
calculated from the DMA experiments. The results are
remarkably close, although one infers a slightly smaller
extent of mixing from the DMA results.

Summary

Fluorescence decay profiles for donor—acceptor la-
beled SeqIPN PU/>ZPA(EHA)***PU" samples were
analyzed with the Perrin model for static quenching and
the Forster model for energy transfer. By comparing
the results for PUZSPPA(EHA) ™ PU* with those for
pure polyurethane network (PU), differences in acceptor
concentration were found between these two types of
samples. Partial miscibility of the PA with the PU
phase serves to dilute the dyes attached to the PU
component. From analysis of the fluorescence decay
profiles in terms of apparent acceptor concentration in
the system, it was found that 70% of the polyacrylate
had interpenetrated into the polyurethane continuous
phase, and the remaining 30% of the polyacrylate
formed the dispersed phase. These results are consis-
tent with the IPN wall and cell model proposed several
years ago by Sperling.26

Such a dilution phenomenon has also been observed
in another SeqIPN PUSPPA(IBA)'™, and the degree
of phase mixing obtained by DET experiments is sup-
ported by TEM and DMA results. In addition, DET
studies at the intermediate stage PUgia)PA(IBA)™
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provide an insight into IPN morphology development.
We document full mixing of the PU phase with acrylate
monomer prior to photoinitiation of acrylate polymeri-
zation, followed by partial demixing during the second-
stage polymerization.

As a final comment, we note that there is a greater
degree of mixing of the PU phase with PIBA (Vpa/
VPU)Perrin = 141) than with PEHMA (VD/A/VPU)Perrin =
1.34). This is consistent with the greater polarity and
higher solubility parameter of IBA than EHMA.
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Appendix 1. 1PN Notations

For general IPN notations, please see the preceding
paper. Explained here are two examples of IPN with
fluorescent dyes.

PU. e anphes PACEHA)*PU™  stands  for  a
SeqIPN PU/Z’PA(EHA)"*PU* in which the fluo-
rescent dyes (Phe and An) are in the PU network and
the An/Phe ratio is 12.

PU etanpneoPAEHA) *PUT  stands  for  a
SeqIPN PUZPA(EHA)PU in which the fluo-
rescent dyes (Phe and An) are in the PU network and
the An/Phe ratio is 0. This sample is labeled only with
phenanthrene (Phe).

Appendix 11

An example for deriving eq 5 with the Perrin equa-
tion, eq 3, is given below.

In IPN and PU samples, the Perrin plots are the
following:

(In E) = 47R3[An],, = slope(PU)[AN],, (6)
Flpu 37 PU P PU

(In 5) = 2R [AN], . = slope(IPN)[ANL.,  (7)
Elion 370 DIA p PU

By combining eqgs 4, 6, and 7, eq 5 is obtained.

[Anley _ slope(PU) _ Vo
[An]p,s  slope(IPN)  Vpy

(8)
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