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ABSTRACT: Excimer fluorescence from poly(2-vinylnaphthalene) (viscosity-average molecular weight of
17 000) was used to study the morphology of blends with poly(cyclohexyl methacrylate) prepared by sol-
vent casting from toluene at 295 K and annealing at 413 K. A lattice model involving three-dimensional
electronic excitation transport (EET) was used to interpret the ratio of excimer-to-monomer fluorescence,
Ip /Iy, for P2VN concentration >60 wt %, while an intramolecular one-dimensional EET model was applied
to P2VN concentration <25 wt %. Before annealing there is a much higher probability of formation of
both intramolecular and intermolecular excimer-forming sites relative to the annealed blend. Further-
more, the blends with P2VN concentration below 70 wt % approach the equilibrium morphology charac-
teristic of 413 K much faster than those with higher concentrations. A concave-downward curvature in
Ip /Iy with increasing P2VN concentration indicates a phase-separated system, while a concave-upward
curvature is found for miscible blends. A linear relationship between In/Im and P2VN concentration can
result for miscible blends when there are no intermolecular excimer-forming sites or for immiscible blends,

when the volume fraction of the rich phase is much greater than that of the lean phase.

I. Introduction

Excimer fluorescence is an effective and sensitive mor-
phological tool for the study of miscibility of an aro-
matic vinyl polymer with a nonfluorescent host polymer.1-16
A convenient measure of the degree of mixing at the molec-
ular level is the photostationary excimer-to-monomer flu-
orescence ratio, Ip/Im. One problem with establishing
excimer fluorescence as a quantitative tool, however, is
that there are two photophysical effects that are diffi-
cult to separate: the population of traps and the mode
by which these traps are sampled. In general, each pen-
dant aromatic chromophore can absorb unpolarized light,
and the excitation energy can migrate among the ensem-
ble of chromophores before eventually undergoing non-
radiative or radiative decay from a pendant chro-
mophore or lower energy excimer trap.l” The difficul-
ties in the interpretation of changes in I/ Iy with respect
to blend thermodynamics stem from the existence of sev-
eral types of excimer-forming sites (EFS) and the com-
plex pathway of electronic excitation transport (EET)
leading to excimer fluorescence. The degree of chain coil-
ing and the extent of guest polymer aggregation will influ-
ence both the EFS population and the EET mode by
which these traps are sampled. An understanding of the
coupled interaction between the number and types of EFS
traps and the nature of the excitation transport process
is essential to being able to describe the chain structure
and the blend morphology.

Our objective is to establish a quantitative understand-
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ing of the photophysical properties of the blend of poly(2-
vinylnaphthalene) (P2VN) with poly(cyclohexyl meth-
acrylate) (PCMA). To set the stage for this study, we
first review the highlights of previous photophysical work
on polymer blends and related systems. Initial photo-
physical work was phenomenological and was based on
the simple assumption that the observed In/Im was pro-
portional to the local concentration of aromatic rings. Phase
separation was thus expected to lead to an increase in
In/Im. Experiments were designed based upon the pre-
dictions of equilibrium Flory-Huggins thermo-
dynamics.18

The first group of experiments by several investiga-
tors on relatively high molecular weight polymers empha-
sized enthalpic contributions to the free energy of mix-
ing. Gashgari and Frank+*®? investigated low-concentra-
tion (0.2 wt %) blends of P2VN in a homologous series
of poly(alkyl methacrylates) and observed In/Im to pass
through a minimum when the guest and host solubility
parameters were equal. Similar results were found for
poly(acenaphthylene) and poly(4-vinylbiphenyl) dis-
persed in the same homologous host matrix series. In
addition, Soutar!® observed a minimum in /p/Im a8 a
function of solvent solubility parameter for poly(1-
vinylnaphthalene) and poly(1-vinylnaphthalene-co-
methyl methacrylate) in toluene/methanol and toluene/
cyclohexane mixed solvent systems. A solvent series was
also used by Li et al.2° to examine Ip/Im for polystyrene
(PS) labeled with pyrene groups at regularly spaced inter-
vals. In each of these cases, the value of the solubility
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parameter for the guest polymer corresponding to the
observed Ip/Iy minimum agrees quite well with litera-
ture values or estimates based upon molar group addi-
tivity calculation.

The second group of experiments emphasized entropic
contributions to the free energy of mixing. The impor-
tant variable is the molecular weight, which Semerak and
Frank®11.14 examined for P2VN in both polystyrene and
poly(methyl methacrylate) (PMMA) host matrices. The
photophysical analysis was still phenomenological with
emphasis placed on changes in Ip/Im as a function of
guest and host molecular weight. However, quantitative
calculations of the complete binodal curves using Flory-
Huggins theory allowed rationalization of the molecular
weight dependence of the apparent microphase separa-
tion. The sensitivity of the excimer probe to local blend
morphology is demonstrated by the fact that increases
in In/Im consistently preceded changes in the visual
appearance of the blends as conditions were altered toward
immiscibility.

The third group of experiments moved beyond the phe-
nomenological stage and made the first attempt at treat-
ing the photophysics on a quantitative basis. The key
element of this work was the development of simple mod-
els for EET in limiting concentration regimes. Gelles and
Frank!213 employed the miscible blend PS/poly(vinyl
methyl ether) (PVME) to separate the contribution of
EFS population and EET efficiency. A one-dimen-
sional random walk model was used to explain the PS
molecular weight dependence of Ip/Im for 5 wt % PS8
blends. A three-dimensional lattice model was used to
interpret the In/Im results for blends with guest concen-
tration >60 wt %. With a two-phase model, they were
also able to fit the photostationary data for the immis-
cible blends cast from tetrahydrofuran (THF). The kinet-
ics of microphase separation were found to be in good
agreement with the de Gennes—Pincus theory?! of spin-
odal decomposition.

Recent studies have been directed toward nonequilib-
rium aspects of the solvent-casting process. Frank and
Zin22 observed that the initially cloudy, phase-separated
PS/PVME blends cast from THF became clear upon
annealing at 384 K and attained the same Ip/Im values
as those of the miscible PS/PVME blends cast from tol-
uene. The role of the THF in setting up the morphol-
ogy of the PS/PVME blend is uncertain, but it appears
that the blend approaches its equilibrium morphology
during the annealing process. Recently, Gashgari and
Frank?® examined the influence of casting temperature
on blends of P2VN with poly(n-butyl methacrylate)
(PnBMA) and PMMA with guest concentration below
10 wt %. They established that solvent casting at tem-
peratures greater than T for the blend/solvent system,
followed by rapid quenching to a temperature below T,
can quench in the morphology characteristic of the cast-
ing temperature. Annealing experiments performed above
Tg on blends cast below T, allowed monitoring of the
approach to equilibrium.

The present paper is an extension of the Gashgari and
Frank®23 study in which the effect of annealing at a tem-
perature greater than T is investigated for blends of 71 000
M, P2VN with PCMA of molecular weight 35 000 over
the guest concentration range of 0.1-100 wt %. Accord-
ing to classical differential scanning calorimetry measure-
ments, the PCMA appears to be miscible with P2VN over
all proportions. Our first objective is to analyze In/Im
as a function of annealing time with two photophysical
models. For results from blends with 60 wt % or greater
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P2VN concentration, the Gelles~Frank three-dimen-
sional lattice model should apply. For P2VN concentra-
tion <25 wt %, we will test the one-dimensional Fitzgib-
bon-Frank model.?* We are particularly interested in
the change in the probability of formation of intramo-
lecular and intermolecular EFS as the blends are annealed.
The second objective is to use transient-state fluores-
cence to investigate the efficiency of EET and correlate
with the results derived from the photostationary-state
models. Finally, we will address the kinetics involved in
attaining an equilibrium morphology and discuss the gen-
eral behavior of the observable Ip/Im as a fingerprint for
blend miscibility.

II. Experimental Section

A. Materials. Toluene (Aldrich, spectrograde, for fluores-
cence spectroscopy) was vacuum distilled and passed through
a silica gel column prior to use. P2VN (71 000 viscosity-aver-
age molecular weight, My, /M, = 1.30), the same bulk thermally
polymerized material described previously,2 was purified by
repeated precipitation from toluene into distilled methanol.
PCMA (M, = 35 000) samples were obtained from Aldrich and
purified by repeated precipitation from toluene into distilled
methanol.

The solid P2VN/PCMA blends were prepared with toluene
as the casting solvent. After the samples were air-dried for 24
h, the initial photostationary-state fluorescence spectra were
taken, and the samples were placed in a vacuum oven for anneal-
ing. The samples were annealed at 413 K for 12, 24, 48, and 96
h, with spectra being taken at room temperature at the end of
each annealing period. To minimize the possibility of oxida-
tive decomposition of the sample during annealing, the oven
was evacuated and back-filled several times with nitrogen. The
final films were approximately 25 um thick.

B. Insirumentation. The photostationary-state experi-
mental apparatus and methods of P2VN blend investigation
have been described elsewhere.26 Transient fluorescence life-
time measurements were performed on a Photochemical Research
Associates nanosecond time-correlated single-photon-counting
spectrometer, Model PRA 3000. All of the samples were excited
at 290 nm with a 10-nm band-pass excitation monochromator
filter. Monomer fluorescence from P2VN, typically observed
between 310 and 350 nm, was selectively collected with a Toshiba
UV340 10-nm band-pass filter. Instrumental response func-
tions of 1.5-ns fwhm were routinely achieved by collecting the
scattered stray light of a Ludox scattering solution at 340 nm,
the peak of the monomer emission envelope.

C. Analysis. The excimer-to-monomer fluorescence ratio
was obtained from intensities measured in regions where over-
lap between excimer and monomer emission could be neglected.
Fluctuations in xenon lamp intensity were corrected for by scal-
ing the data to the exciting beam intensity. The fluorescence
spectra were corrected for monochromator and detector response
with a tungsten-in-quartz lamp. Transient fluorescence pro-
files were fitted with a multiexponential trial function by the
method of iterative reconvolution with the lamp profile using a
nonlinear x2 minimization algorithm of Marquardt.26 The qual-
ity of fit was judged by the reduced x2 criterion, visual inspec-
tion of the deviations in the weighted residuals, and the profile
of the autocorrelation function.

II1. Results

A. Annealing Measurements. The Ip/Iy results for
the P2VN/PCMA blends annealed at 413 K are pre-
sented as a function of P2VN guest concentration in Fig-
ure 1. Results from the four annealing periods are illus-
trated along with those from the P2VN/PCMA blends
air dried for 24 h. The Ip/Im results for 96 h of anneal-
ing are identical with those obtained for 48 h. For the
blends that were air-dried only, In/Im is essentially a
linear function of P2VN weight percent for P2VN con-
centration below 80 wt %. The P2VN neat film Ip/Im
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Figure 1. Observed Ip/Im fluorescence ratio as a function of
P2VN guest concentration for blends of P2VN(70 000}/
PCMA(35 000) cast with toluene at 295 K. The blends are
annealed for a maximum of 96 h at 413 K. The number beside
each curve indicates the annealing time. All of the blends remain
optically clear after 96 h of annealing. Standard deviations are
<10% in this and subsequent plots of Ip/Im.

value equals 38, which is about 10% lower than that deter-
mined by Semerak.!® For blends with guest concentra-
tion below 30 wt %, Ip/Im is independent of annealing
time. All of the films are optically clear after air-drying
for 24 h, and they remain clear after each annealing period.

The significant point is that Ip/Im decreases with
annealing time for each P2VN concentration, including
the neat film. This suggests that the P2VN configura-
tion in the original cast film is not at equilibrium but
frozen in a morphology characteristic of a P2VN/
toluene binary system. Semerak and Gashagari®® !4 have
found that as high as 20 wt % of solvent can remain
trapped inside the polymer matrix after air-drying at room
temperature for PS and PMMA hosts having glass tran-
sition temperatures of 373 and 382 K, respectively. There-
fore, it is possible that there could be a large amount of
residual toluene left in the blends after 24 h of air-dry-
ing.

B. Transient Fluorescence Lifetimes. Transient
studies of the P2VN/PCMA blends were carried out at
room temperature. The decay lifetime of the naphtha-
lene monomer was measured at 340 nm with excitation
at 290 nm. In general, the monomer fluorescence decay
can be adequately described by a triple-exponential trial
function. Tables I-III present the fitted lifetimes and
preexponential factors for the different P2VN composi-
tion blends that were air-dried and annealed for 12 and
48 h, respectively. These lifetimes cannot be arbitrarily
associated with physically distinct excited states. Fre-
drickson and Frank?’ have shown that a configuration
with only a single excimer trap state among many donors
can result in a nonexponential decay due to the influ-
ence of EET. The form of this nonexponential decay
may be approximated as a multiexponential. Our results
simply reflect three dominant deactivation pathways for
the excited P2VN monomer among the many possible
pathways in the complex photophysical scheme.

These dominant deactivation pathways for the mono-
mer have average lifetimes of ca. 5, 25, and 80 ns with
intensities of 10%, 25%, and 65%, respectively. The inten-
sity ratios remain relatively constant for the different
P2VN composition blends whether or not the blends were
annealed. For both the air-dried and annealed blends,
the lifetimes decrease with increasing P2VN guest con-
centration. The lowering of the lifetimes suggests a faster
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deactivation of the monomer. This is possibly associ-
ated with an increase in the efficiency of EET and the
formation of more EFS at high guest concentration.

In the absence of a comprehensive photophysical decay
scheme for the P2VN/PCMA blend system, we choose
to represent the transient results in the form of a single
effective decay lifetime, (), as a function of blend com-
position for each of the air-dried and annealed blends.
This has been shown to be a good phenomenological
approach to relate changes of blend morphology and local
polymer interaction to fluorescence results. The effec-
tive lifetime is given by

(ry =D Ar# Y _Am 1)

where A; and 7; are the individual preexponential factor
and lifetime. Figure 2 illustrates the calculated () as a
function of P2VN guest concentration for blends that
were air-dried and annealed for 12 and 48 h. For blends
with P2VN concentration below 50 wt %, (r) is essen-
tially constant within experimental error.

IV. Discussion

A. Three-Dimensional Electronic Excitation
Transport. The photostationary fluorescence observ-
able may be related to fundamental photophysical quan-
tities by

I —
I gD_[ _1__A_'I] ()
Iy Qul M

where Qp is the ratio of the fluorescence decay constant
to the total decay constant for the excimer and @ is the
analogous ratio for the monomer. The quantity M is the
probability that a photon absorbed by the aromatic vinyl
polymer guest will decay along a radiative or nonradia-
tive monomer pathway. Thomas and Frank!6 examined
P2VN/PCMA blends and determined that §p/@wm is equal
to 0.44 % 0.08. Moreover, Qp/Qwm is independent of the
host molecular weight, and thus the quantity (1 - M)/M
is the only factor that influences In/Im.

Equation 2 has been applied to polymer blends in two
ways. One approach has been to employ an analytical
expression for M, typically containing one or two adjust-
able parameters, that is thought to be applicable at high
or low concentrations of the aryl vinyl polymer. Exper-
imental Ip/Im results are then fit with eq 2. This has
been done for miscible PS/PVME blends for which the
morphology,!213 ie., the random mixing, is relatively
uncomplicated. An alternate approach has been taken
for the much more complex case of a phase-separated
blend. This situation requires that a set of reference data
consisting of In/Im as a function of concentration for a
miscible blend of the same components be obtained ini-
tially. It is then assumed that the fluorescence behavior
of the phase-separated system is a volume-weighted aver-
age of contributions to M, and thus Ip/Im, from rich-
phase and lean-phase components,

We begin by treating the P2VN/PCMA blend as mis-
cible and analyze the high-concentration results with a
three-dimensional spatially periodic lattice model devel-
oped by Gelles and Frank,'213 referred to as the GF model.
This model describes three-dimensional hopping between
neighboring sites on a periodic lattice with a distance
dependence corresponding to the Forster energy-trans-
fer mechanism for the case of no emission or trapping.
The size of the lattice site is taken equal to the size of
the P2VN repeat unit; the PCMA segments are then bro-
ken up to fit into the same lattice. Under this assump-
tion, the separation distance between adjacent elements
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Table I
Transient Results for Air-Dried P2VN/PCMA Blends
P2VN wt % A() (1) A(2) 7(2) A(3) 7(3) (1) x2
10 0.269 6.13 0.157 25.21 0.093 88.03 60.27 1.24
20 0.296 5.27 0.135 25.61 0.099 88.57 63.39 1.32
30 0.297 4.18 0.136 23.34 0.115 84.90 64.05 1.14
40 0.270 4.23 0.144 24.97 0.113 85.24 63.69 1.10
50 0.258 5.08 0.135 26.85 0.107 84.26 61.83 1.12
60 0.257 5.16 0.156 25.59 0.122 81.22 59.97 1.25
70 0.236 4.72 0.153 24.04 0.113 79.37 58.54 1.07
80 0.229 5.17 0.145 24.14 0.113 76.74 56.57 1.12
90 0.231 5.48 0.143 24.92 0.106 76.97 55.72 1.05
100 0.217 4.95 0.146 22.67 0.104 73.62 53.47 1.14
Table I1
Transient Results for P2VN/PCMA Blends Annealed for 12 h
P2VN wt % A1) (1) A(2) 7(2) A(3) 7(3) {7} x?
10 0.207 5.82 0.104 25.32 0.077 88.65 63.73 1.09
20 0.191 5.67 0.081 26.86 0.074 88.07 65.28 1.08
30 0.179 4.67 0.085 24.04 0.078 84.68 64.45 1.04
40 0.156 5.16 0.085 26.51 0.072 85.30 63.96 0.93
50 0.135 6.23 0.070 28.34 0.066 83.12 62.25 1.18
60 0.125 4.90 0.065 26.06 0.053 80.37 59.15 1.12
70 0.133 5.81 0.075 28.28 0.057 81.08 57.18 0.99
80 0.107 5.13 0.062 24.49 0.046 77.15 55.92 0.90
920 0.107 4.82 0.063 23.31 0.044 74.93 53.87 1.07
100 0.085 3.78 0.039 19.97 0.026 70.90 49.95 1.20
Table III
Transient Results for P2VN/PCMA Blends Annealed for 48 h
P2VN wt % A1) (1) A(2) 7(2) A(3) 7(3) (1) x2
10 0.195 5.65 0.102 25.70 0.072 88.42 62.84 1.05
20 0.186 5.49 0.077 27.12 0.071 88.40 65.75 1.01
30 0.165 4.90 0.071 25.79 0.069 85.07 64.70 0.98
40 0.150 4.78 0.067 26.13 0.063 84.77 64.28 1.15
50 0.129 4.52 0.068 25.35 0.057 82.92 62.31 1.21
60 0.121 5.07 0.061 24.47 0.045 80.33 57.68 0.95
70 0.119 4.96 0.053 23.11 0.039 78.21 55.45 1.29
80 0.105 4.55 0.050 22.79 0.032 75.37 52.10 0.97
90 0.099 4.76 0.043 21.96 0.030 74.20 51.66 1.35
100 0.076 3.15 0.034 18.91 0.021 70.11 49,32 1.10
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Figure 2. Calculated effective lifetime, (7), for monomer deac-
tivation as a function of P2VN guest bulk concentration. All
of the transient fluorescence results can be adequately charac-
terized by a triple-exponential fitting function. The deviation
of () from a constant value for blends with P2VN concentra-
tion >50 wt % suggests an enhancement of monomer deactiva-
tion possibly due to more EFS formed accompanied by an increase
in the dimensionality of EET. The number beside each smooth
line drawn through the data indicates the annealing time.

in the lattice will then be constant, although the num-
ber of P2VN rings next to any given ring will depend on
concentration. It is further assumed that transfer can
only take place between rings that are nearest neigh-
bors, that the rate of transfer between two neighbors is

where ¢ is the ring fraction of EFS and is related to the
diad trap fraction, ¢p, by ¢ = ¢p(2 - gp). The quantity
« is the fraction of times that monomer emission occurs
before energy transfer and is given by

a=(1+NeyWn)! (4)

where N is the number of nearest neighbors of the emit-
ting chromophore in the lattice, W is the uniform rate
of nearest-neighbor EET, 7 is the measured lifetime of
the excitation in the absence of energy transfer, and » is
the volume fraction of fluorescent polymer. The diad
trap fraction, gp, is expressed as the sum of an intramo-
lecular part arising from trans,trans meso rotational diads,
gD,intra; and an intermolecular portion due to segmental
association between different chains, gp inter

dp = 9D,intra + 4D,inter
= qp,intra +(N- 2)QDV (5)

The quantity Qp is the probability that chromophores in
two adjacent lattice sites are in an intermolecular EFS.

In order to fit the concentration results for the air-
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Figure 3. Behavior of Ip/Iy as a function of guest concentra-
tion as described by the GF 3-D model for systems with no
intermolecular EFS. The number beside each curve indicates
the annealing time. The results of the fit are summarized in
Table IV.

dried and annealed P2VN/PCMA blends, we have to spec-
ify two of the parameters. The quantity W~ in Forster
dipole~dipole resonant transfer theory is assigned the value
corresponding to an average intermolecular chro-
mophore separation of 11.75 A, which is equal to the For-
ster radius, Ro, for a neat P2VN film. We assume that
the minimum P2VN concentration at which EET becomes
three-dimensional corresponds to this same average inter-
molecular chromophore separation. At this separation,
the probability of transfer between two rings is equal to
the probability of monomer emission. If we assume the
chromophore separation to be approximately equal to
{1/(ring concentration)]'/%, we obtain the ring concen-
tration corresponding to the onset of three-dimensional
EET. From these calculations, we found the P2VN vol-
ume fraction to be 0.52. It is interesting to note that
similar calculations performed for PS/PVME and P2VN/
PnBMA blends indicate that the minimum guest con-
centration for three-dimensional EET should be 0.60 and
0.14, respectively. Finally, N is taken to be ca. 10. This
leaves gp,intra and Qp as the parameters to be fitted.

It is useful to illustrate graphically the sensitivity of
the GF model to variation in the magnitude of gp,intra
and Qp. Since both parameters describe the probability
of forming more EFS, an increase in either should result
in an increase in Ip/Im. The effect of these parameters
on the efficiency of EET in terms of increased dimen-
sionality, however, is only of second order. Exciton trans-
port is already assumed to be three-dimensional, and the
model is expected to be applicable to blends with high
guest concentration. It is the frequency of sampling an
EFS and the trapping of the exciton that are enhanced.

The behavior of In/Im, represented in the form of (1
- M)/M from eq 2, as a function of guest concentration
for a varying gp,intra is illustrated in Figures 3 and 4. In
these calculations, we assumed N to be 10 and Wr to be
51. The latter value has been found by Semerak and
Frank?® to yield a total EFS diad fraction of 0.072 for a
neat P2VN film. By comparison, the total EFS diad frac-
tion for pure polystyrene is 0.33. The small EFS frac-
tion for P2VN seems plausible given the low symmetry
of the naphthyl pair in forming an EFS. Figure 3 repre-
sents the case in which there are no intermolecular EFS,
i.e., @p = 0. The linear increase in Inp/Im with P2VN
volume fraction for any value of gp,ntra reflects the
enhanced sampling of intramolecular EFS on different
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Figure 4. Behavior of Ip/lv as a function of guest concentra-

tion as described by the GF 3-D model for systems with a 0.005
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each curve indicates the intramolecular EFS population.
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Figure 5. Behavior of Ip/Iy as a function of guest concentra-

tion as described by the GF 3-D model for systems with a con-

stant population of intramolecular EFS and different probabil-

ities for intermolecular EFS formation. The number beside each

curve indicates the probabilities for forming intermolecular EFS.

chains due to three-dimensional EET. For Qp = 0.005,
shown in Figure 4, there is a substantial increase in Ip/Iu
for the same values of Qp intra used in Figure 3. This is
better illustrated in Figure 5 in which we keep Qp,intra
constant and vary the magnitude of Op. An exciton migrat-
ing along a chain contour may encounter a chromophore
that can be in an EFS configuration with either an adja-
cent intramolecular chromophore or an intermolecular
chromophore.

The results of fitting the GF model to Ip/Im for P2VN/
PCMA blends with P2VN concentration >50 wt % are
presented in Table IV and illustrated in Figure 6. The
model fitted the high-concentration data quite well for
the air-dried blends and all of the annealed blends. Both
Qp,intra and Qp decreased as a function of annealing time.
If the lower concentration results are included, we found
that the fitting parameters cannot be kept constant over
the entire range. Therefore, our choice of P2VN concen-
tration >50 wt % for the applicable range for three-di-
mensional EET appears to be valid. The magnitude of
Qp, found to be an order of magnitude lower than that
for PS in PVME, seems reasonable by comparison due
to the strict geometric requirements necessary for inter-



3280 Tao and Frank

Table IV
Excimer-Forming Site Concentration after Annealing
annealing time, h gD,intra ) gp°®
air-dried 0.067 5.5 x 103 0.111
12 0.043 3.9x 108 0.074
24 0.046 3.6 X103 0.075
48 0.048 2.9 X108 0.071
96 0.047 29 x 108 0.070

%gp = ¢p,intra T (N ~ 2)Qpw, where N = 10 and » is assigned the
value of 1.0.
molecular excimer formation in P2VN.

The results indicate that the air-dried film contains
more intramolecular and intermolecular EFS than the
annealed film. We infer that it may be in a nonequilib-
rium state relative to the annealed film. Upon anneal-
ing, the blend undergoes diffusive rearrangement, lead-
ing to fewer EFS. In Table IV, we present the total EFS
concentration for the neat film using the values of ¢p intra
and Qp from the fit. The most important result is that
@D,tota1 Starts out higher than the neat film value of 0.072
and approaches a value close to that of the neat film after
only a short annealing time. The value of gp inta after
12 h of annealing is approximately twice the value cal-
culated from rotational isomeric state theory. This may
reflect the influence of guest concentration on the chain
configuration of P2VN or additional intramolecular EFS
traps beyond the trans,trans meso diad.

The decrease of (r) for guest concentration above 50
wt %, as shown in Figure 2, suggests an annealed blend
morphology that allows for more efficient monomer deac-
tivation pathways. It is interesting to note that a 50 wt
% P2VN blend corresponds to an intermolecular chro-
mophore separation approximately equal to the Férster
transfer radius for P2VN. At this chromophore separa-
tion, the dominant mode of EET is suspected to be three-
dimensional. The decrease in (7) might be related to an
increase in efficiency of EET due to local rearrangement
as the blend is annealed.

We note that Ip/Iv is independent of annealing time
for blends with P2VN concentration below 30 wt %. Qur
question concerns whether or not the guest coils are suf-
ficiently isolated such that EET among the naphthalene
chromophores may be treated as quasi-one-dimensional.
If so, the value of Qp should be much smaller than that
found for the high P2VN concentration blends.

A statistical model for strictly one-dimensional exci-
ton migration between nearest neighbors on an isolated
polymer chain was originally developed by Fitzgibbon and
Frank?¢ and will be referred to as the FF model. The
FF model treats the equilibrium EFS concentration in
the polymer chain as irreversible exciton traps that divide
the chain into segments of nontrap sites. In the hypo-
thetical case of an infinitely long polymer chain, M in eq
2 is computed by averaging the value of M for each seg-
ment length over the distribution of nontrap segment
lengths and is given by

2
U))) =
M=1-gy-——— D (1-gp)*tanh (Tx)  (6)
tanh (T) %=1
where

1+2Wr+ 1+ 4W7)1/2]
2Wr (7

In eq 7, gp is the diad fraction of EFS given by eq 5. At
the low P2VN concentration for which this model may
be appropriate, a first approximation for ¢p is simply
the intramolecular site fraction calculated from rota-
tional isomeric state theory.

F=O.51n[
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Figure 6. Results of fitting the GF 3-D model to the air-dried
and annealed blends with P2VN guest concentration >50 wt
% . The number beside each curve indicates the annealing time.
The results of the fit are summarized in Table IV.

We set Wr equal to the Forster value of 51 and ¢,
to 0.026 as we did for the GF model. The latter value
was determined for isolated coils of atactic (45% meso)
P2VN. The model is applied over all of the I/ results
for blends with <30 wt % P2VN, i.e., the linear portion
in Figure 1. We realize that this is an ad hoc way of
introducing concentration as a parameter in the one-di-
mensional model, but it is merely intended to test the
sensitivity of this model to results from a quasi-one-di-
mensional system. The value of Qp from the fit is 1.72
X 1075, representing a very low probability of intermo-
lecular EFS formation.

B. Annealing Kinetics for P2VN/PCMA Blends.
Diffusive rearrangement in a polymer blend depends on
the thermal driving force available and the viscosity of
the blend. The latter is related to the molecular weight
of the blend components, the relative concentration of
the polymers, and the amount of residual solvent. Dur-
ing air-drying and annealing, the film composition changes
from a ternary system including solvent to that of a binary
polymer system. The viscosity of the blend should increase
dramatically during this evaporation period, thereby slow-
ing down further changes in local blend morphology.

The thermal driving force is represented approxi-
mately by the difference between the annealing temper-
ature, T, and the glass transition temperature of the blend,
Te. For the P2VN/PCMA system, the glass transition
temperature for different blend compositions follows the
Fox equation?®

1 - w 1-w
Ty(blend) T (P2VN) T (PCMA)

where w is the weight fraction of P2VN. The annealing
experiment was performed at a temperature of 413 K,
which is 76 K above the T of PCMA and only 8 K above
the T, of P2VN. From eq 8, it is obvious that the ther-
mal driving force for molecular rearrangement will be
greater for the lower P2VN concentration blend.

(8)

The general slope of curves between In/Iy and anneal-
ing time drawn through the results shown in Figure 1 for
a constant P2VN concentration suggests that a fitting
equation of the form

R[t] - R[96] = {R[0] - R[96]} exp(-kt) C)]
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Figure 7. Analysis of the effect of annealing time at 413 K for
P2VN/PCMA blends cast at 295 K. The smooth lines drawn
through the data represent the use of eq 9 to fit the results.

In { R[t] - RI96B] }
o
=3

Table V
Rate Constant for Thermal Diffusive Rearrangement
P2VN wt % k, h-1 7, h Ta-Tg
100 0.059 16.95 8.0
90 0.061 16.39 16.01
70 0.062 16.13 31.12
50 0.084 11.91 45.16

e The T is calculated according to the Fox equation (eq 8).

may be appropriate. Here R = Ip/Im and R[96] is the
value of Ip/Iw after 96 h annealing at 413 K, R[t] is the
ratio after ¢ hours of annealing, R[0] is Ip/Iy for the
room temperature cast blend prior to annealing, and £
is the rate constant characterizing the diffusive rearrange-
ment. Representative plots for 50, 70, and 90 wt % P2VN
concentration blends and the neat film are presented in
Figure 7. In geneal, this semilogarithmic form fits the
data quite well over the entire range of annealing times.

The rate constants derived from the plots of Figure 7
are presented in Table V along with the magnitude of
the thermal driving force expressed as T, — T,. It appears
that the rate of diffusive rearrangement is limited by the
viscosity of the blend until the thermal driving force
exceeds 35 K. By comparison in P2VN/PnBMA blends
with 10 wt % P2VN, local motion of the polymer with
similar time scales occurs at T, ~ T, = 20 K. Although
thermally induced phase separation occurs for the P2VN/
PnBMA system after annealing, the value of T, — T still
reflects the magnitude of the thermal driving force required
to cause diffusive motion between the guest coils. This
suggests that the use of the Fox equation to calculate T,
might be inappropriate for the higher guest concentra-
tion blends.

Application of the Fox equation is only appropriate
when the blend is homogeneous over the entire range of
blend composition. Equation 8 will be inapplicable when
the blend is phase separated. We can use the results for
the neat P2VN film in Table V as a reference for the
following interpretation. For the neat film, thermal anneal-
ing at 413 K cannot cause macroscopic phase separation
but does provide sufficient driving force for local rear-
rangement. This type of motion occurs at a time scale
equal to ca. 17 h, as shown in Table V. The near-con-
stant rate of diffusive motion for blends with P2VN guest
concentration >70 wt % suggests that the thermal driv-
ing force for these blends is actually lower than that cal-
culated with eq 8. The local chromophore concentra-
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tion resembles that of the neat film, resulting in a higher
glass transition temperature for the blend.

C. Behavior of I/Iy Reflecting the Degree of
Blend Miscibility. In this section we wish to examine
the general characteristics of plots between Ip/Im and
guest concentration for miscible and immiscible blends.
The behavior of Ip/Im with increasing guest concentra-
tion can be classified into three types: linear, concave
upward, and concave downward. The PS/PVME blend
is a good example in which all three trends have been
observed using different casting solvents.1213 When cast
from chlorobenzene, toluene, and THF, Ip/Iv exhibits
linear, concave-upward and concave-downward curva-
ture with guest concentration, respectively. The blends
prepared with toluene have been shown to be miscible
for all proportions of PS and PVME, while blends pre-
pared with THF have been shown to be immiscible. It
appears that, in general, miscible blends are character-
ized by a concave-upward trend in In/ v, and the reverse
holds true for immiscible blends. The linear behavior is
a limiting case for both types of blends.

For a miscible blend, the EFS concentration and the
EET efficiency change slowly as the guest concentration
is increased. From Figures 3-5, we observe the effects
of changing the EET efficiency in sampling EFS on the
curvature of Ip/Im with guest concentration. We real-
ize that the GF three-dimensional EET model should only
be applied to blends with high guest concentration. There-
fore, the extension of the GF model to low guest concen-
tration assumes that the local EFS population is high
enough to allow three-dimensional EET to occur. This
may be valid for a system of isolated, tightly contracted
guest coils dispersed in a poor host matrix. The GF model
does not take into account any intramolecular morpho-
logical transformation as the guest concentration is
increased. We merely intend to assess the qualitative
behavior of Ip/Im as a function of guest concentration
for a miscible blend as the population and types of EFS
are altered.

Figure 3 illustrates linear behavior in In/Iu for a sys-
tem in which there is no intermolecular EFS formation.
As the guest concentration increases, the EET process
switches from mainly three-dimensional sampling of
intramolecular EFS at low concentration to include sam-
pling of intramolecular EFS on nearby chains at high
concentration, i.e., cross-chain hopping. Ip/Im contin-
ues to increase due to this enhanced sampling of intramo-
lecular EFS by the exciton. The slope of the linear Ip/Im
trace depends on the population of the intramolecular
EFS per chain.

It is unrealistic for blends with vinyl aromatic poly-
mer to have no intermolecular EFS at high guest concen-
tration. It is conceivable, however, that specific interac-
tions between the guest polymer and the host or resid-
ual solvent in the film could yield a protective clustering
around the chromophores, thereby lowering the proba-
bility of intermolecular EFS formation. Figure 4 illus-
trates the effect of introducing a small population of inter-
molecular EFS on the behavior of In/Im. The Ip/ Iy trace
adopts a concave-upward curvature, especially for higher
guest concentration. In addition to the enhanced sam-
pling by three-dimensional EET, there are now more EFS
to trap the excitation. The effect of increasing the prob-
ability of intermolecular EFS formation for a system with
a fixed intramolecular EFS population is shown in Fig-
ure 5. In this figure, the transition from linear to con-
cave-upward behavior is more dramatic with a higher prob-
ability of forming intermolecular EFS. It is important
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to remember that each plot in Figures 3—5 represents sys-
tems in which the type and population of each type of
EFS are held constant throughout the entire composi-
tion range. Our results for the P2VN/PCMA blend sys-
tem in Figure 1 clearly show a combination of both lin-
ear and concave-upward In/Im behavior due to chang-
ing EFS type and population with increasing P2VN
concentration.

Polymer blends typically show a decrease in miscibil-
ity with increasing temperature. Whether a blend phase
separates as part of the diffusive relaxation upon anneal-
ing depends on the annealing temperature relative to both
the lower critical solution temperature and the glass tran-
sition temperature, respectively. For blends of P2VN and
PCMA with molecular weights of 71 000 and 35 000, respec-
tively, the annealing temperature of 413 K is probably
below the lower critical solution temperature such that
the blends remain miscible after annealing. Further
annealing at 413 K allows the blend to relax into its equi-
librium morphology while maintaining miscibility. The
behavior of In/Im, as shown in Figure 1, remains con-
cave upward after annealing.

Gashgari and Frank?® examined 71 000 M, P2VN
blended with PnBMA and PMMA. For the P2VN/
PnBMA blend Ip/Iy increased with annealing at 407 K
and leveled off after 25 h, while for P2VN/PMMA, Ip/Im
did not level off even after 160 h of annealing at 407 K.
In both cases, In/Im exhibited a concave-downward cur-
vature as a function of P2VN bulk concentration. An
explanation for the behavior of Ip/Im as a function of
annealing time in these different host matrices is due to
thermally induced phase separation in the P2VN/
PnBMA and P2VN/PMMA blends. These blends started
out as optically cloudy films and remained cloudy after
annealing. The increase in I'n/Iv can be due to an increase
in the intermolecular EFS as a result of phase separa-
tion or an increase in the nonadjacent intramolecular EFS
due to tightening of the polymer coils. The latter is more
likely to happen with the P2VN/PMMA blend since it
is a thermodynamically less compatible blend compared
to P2VN/PnBMA.

In addition to the above two cases, the behavior of Ip/Im
with guest concentration for PS cast with THF in PVME
has been observed to change from an initially concave-
downward curvature to a concave-upward profile upon
annealing. In this system, the appearance of phase sep-
aration is caused by possible kinetic limitations to the
attainment of thermodynamic equilibrium, which in turn
is due to the influence of residual casting solvent on the
morphology of the blend. Zin and Frank22? annealed
PS/PVME blends cast with THF, which was earlier found
to be phase separated, and observed a decrease in Ip/Im
back to values found for miscible PS/PVME blends cast
from toluene.

The aggregation of chromophores during phase sepa-
ration leads to a rapid increase in the population of both
intermolecular and nonadjacent intramolecular EFS and
favors three-dimensional EET among the chromophores.
Overall, In/Im increases rapidly for small changes in guest
concentration and is reflected by a concave-downward
behavior. Asthe P2VN bulk concentration increases, the
P2VN-rich domains grow larger but with little change in
the EFS population within the phase. Therefore, In/Im
levels out to the neat film value at high guest concentra-
tions.

Gelles and Frank!>!? have used excimer fluorescence
as a molecular probe to determine the morphology and
phase concentrations of phase-separated systems such as
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PS/PVME blends cast from THF. In deriving a two-
phase model of In/Im for phase-separated blends, they
assumed that the volume fractions of the guest in the
rich and lean phases, ¢r and ¢L, are independent of the
bulk concentration ¢p. They further assumed that there
will be no energy migration between phases. This is a
good assumption because the guest chains in the lean
phase should be sufficiently isolated so that the proba-
bility of three-dimensional EET is small, while the exci-
tation in the rich phase should be rapidly trapped due
to the high concentration within a concentrated phase
that is large enough to scatter light. The problem then
is reduced to first determining what fraction of photons
is absorbed by each phase and then characterizing the
deactivation pathway of an absorbed photon by a phase
of known composition.

The resulting expression for Ip/Im for a phase-sepa-
rated blend is given by

I_D=92XR(1—MR) +(1-Xp)(1-Mp) (10)
IM QM XRMR+ (I-XR)ML
where Xg is the probability that a photon is absorbed
by a ring in the rich phase and is given by

_ ¢r(dp — o1)
R dn(dp— 1) + d(dn — dp)

The quantities Mg and My, are the probabilities of even-
tual excitation deactivation through a monomer path-
way for an absorbed photon originating in the guest-rich
and guest-lean phases, respectively. To use eq 10, we
must obtain estimates for ¢r and ¢, at the casting tem-
perature from a phase diagram for the blend, and Mg
and My are determined from the fluorescence data for
miscible blends of the same components using eq 2.

Since we require photophysical information from a mis-
cible system to estimate Mg and My, we need to inves-
tigate the influence of M derived from a miscible blend
on the behavior of I'n/Iy for phase-separated blends. The
significant qualitative feature is that M usually decreases
rapidly with increasing guest concentration. This is a
consequence of the increase in the number of EFS traps
and the expected increase in efficiency of EET due to
increased dimensionality of the random walk. The com-
bination of these two effects leads to considerable non-
linearity.

For miscible blends exhibiting a linear, quadratic, or
cubic dependence of M on ¢5 (i.e., the profile of M derived
from the behavior of In/Im on ¢p using eq 2), it can be
shown that eq 10 assumes the form

Ip A+ Bog

Iy C+¢p
where the constants A, B, and C represent different alge-
braic relations between the quantities ¢g, ¢, and Qp/@m.
We will illustrate the derivation of eq 12 for a linear depen-
dence of M on ¢n. It is a straightforward exercise for
other functional forms of M on ¢g.

For a miscible system exhibiting a linear dependence
of In/Im on ¢p

(11)

(12)

Ip/Iy =o'+ B'¢p (13)

the parameters Mg and My assume the following form
according to eq 2;

Mg = (a + B¢p)™ (14)
My = (a+ Bop)™ (15)



Macromolecules, Vol. 23, No. 13, 1990

200

15.0 4

= 10.04

D/

Parameter
Curve A

0.18 18.85 6.18
5.0 4 !

2 0.43 22.43 0.43
3 1.36 36.45 1.36
4

5.00 91.4% 5.00

0 3 5 8 1.0
guest weight fraction

Figure 8. Behavior of Ip/Iy as a function of bulk guest con-
centration for a phase-separated blend. The concave-
downward curves follow the GF two-phase model as described
in eq 10-12.

where the constants o = (¢ + @p/Qm)/(Q@p/Qm) and 3
= f3'/(@p/@wm). Substituting eq 11, 14, and 15 into eq 10
and collecting the terms into the form of eq 12, we find
the following forms for the constants A, B, and C:

A= droplo? - Bog — afdy, - Blopoyl

16
(¢g— o)1 + ) (16)
g {tr-dlall+a)+ orAB(1 + a) + B¢} an
(g — o)1 + o)
_ Borey
C= 1+« (18)

Using the phase-separated PS/PVME blend cast from
THF as an example, we find the quantities ¢r, ¢1, a,
and 3 have values of 0.98, 0.008, 1.0, and 10, respec-
tively. The behavior of eq 12 as a function of guest con-
centration for typical values of A, B, and C is shown in
Figure 8. The concave-downward trend seems to be intrin-
sic for phase-separated blends.

V. Summary

First, we have shown for low molecular weight P2VN/
PCMA blends that solvent casting with toluene at room
temperature and subsequent evaporation by air-drying
lead to a nonequilibrium blend morphology. The latter
is characterized by a high population of both intermo-
lecular and intramolecular EFS, which upon annealing
at 413 K, approach the equilibrium statistical popula-
tion. The photostationary-state fluorescence results for
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blends with P2VN concentration above 50 wt % are well
characterized by a three-dimensional EET model. The
effective lifetime for monomer deactivation supports the
hypothesis that near 50 wt %, the mode of EET becomes
three-dimensional, thereby increasing the trapping by EFS.

Second, although the blends remain optically clear after
annealing for 96 h at 413 K, there might be local phase
separation for blends with higher guest concentration above
70 wt %. These guest-rich domains are probably small
enough not to scatter light or be detected by conven-
tional methods such as DSC.

Finally, the behavior of Ip/Im as a function of guest
concentration is distinctly different for miscible and immis-
cible blends. The curvature of Ip/Im with increasing guest
concentration may be used as a first-order fingerprint
characterization for blend miscibility.
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