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ABSTRACT: Dilute solutions of a mixture of naphthalene donor and pyrene acceptor labeled polymers were
freeze-dried so that the chain molecules collapsed into globular particles. Pellets pressed from this material
were heated above the glass transition temperature, and the emission spectrum was followed as a function
of heating time. The interdiffusion of the polymer led to an increase in the nonradiative energy transfer.
Data are presented for three molecular weights of polydisperse poly(ethyl methacrylate) and one molecular
weight of poly(methyl methacrylate). The method is believed to allow studies of self-diffusion rates smaller

than those that can be investigated by other methods.

Introduction

The theoretical analysis of self-diffusion of long flexi-
ble-chain molecules by de Gennes? and by Doi and Ed-
wards® has stimulated a number of workers to devise
methods allowing experimental testing of theoretical
predictions. Klein and Briscoe* followed the diffusion of
deuterated polyethylene into normal polyethylene by in-
frared spectroscopy, and their results confirmed de Gennes’
prediction that the self-diffusion coefficient D should be
inversely proportional to the square of the chain length.
On the other hand, Gilmore et al., who followed the dif-
fusion of poly(vinyl chloride) into caprolactone by a com-
bination of scanning electron microscopy and energy-dis-
persive X-ray analysis, found D to vary inversely as the
first power of the molecular weight.

Since the dependence of the mean square diffusion
distance in a specified direction x? on time, ¢, is given by
x? = 2Dt, the ability to measure the very small diffusion
coefficients of high polymers depends critically on the
spatial resolution of the analytical technique employed.
In the method of Klein and Briscoe this resolution was on
the order of 102 cm, allowing estimates of D down to 7 X
107 ¢cm?s7L, i.e., those of polyethylene with M,, = 23 000
at 176 °C. Gilmore et al. were able to estimate D on the
order of 1073 cm?-s7L. In an ingenious method suggested

*Dedicated with affection and admiration to W. H. Stockmayer
on his 70th birthday.
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by Sillescu and Zimmer,® polystyrene deuterated in the
main chain only was to be precipitated, the particles were
to be imbedded in perdeuterated polystyrene and the
diffusion was to be followed by an NMR technique. With
particles having a diameter of 10 cm (isolated by size
fractionation), this technique was expected to allow mea-
surements of D on the order of 107¢ cm2-s71. Recently,
Smith? has described the application of fluorescence re-
distribution measurement after photobleaching for the
study of the diffusion at 25 °C of a dye of low molecular
weight in poly(methyl methacrylate) containing 18% re-
sidual solvent characterized by D = 1.6 X 1072 cm?-s7.,
The same technique has been used to study the self-dif-
fusion of polymers.®

We have used a principle similar to that suggested by
Sillescu and Zimmer but which employs a different ana-
lytical technique and allows, we believe, even smaller
diffusion coefficients to be studied. It has long been
known? that on freeze-drying dilute solutions of polymers
that are glassy at ambient temperatures the individual
polymer chains collapse into spherical globules. In a
previous study from this laboratory!® it was shown that
if part of the polymer is labeled with a fluorophore (the
“donor”) whose emission spectrum overlaps the absorption
spectrum of a fluorophore (the “acceptor”) carried by a
second portion of the polymer solute, the fluorescence of
the freeze-dried material reflects the original solution
concentration, i.e., the extent of the interpenetration of
the chain molecules. Thus, when a mixture of donor and
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Table I
Characterization of the Polymers Used in This Study
[n], _ label cone,
polymer desig? dL/g 107°M, mol/kg
PMMA 0.60 0.94
PMMA-P 0.60 0.94 2.05x 1073
PMMA-N 0.60 0.94 2.38 x 1073
PEMA (1) 0.93 5.30
PEMA-P (1) 0.93 5.30 1.35%x 1073
PEMA-N (1) 0.93 5.30 1.92 x10°°
PEMA (2) 0.54  2.60
PEMA-P (2) 0.54 2.60 1.97x 1073
PEMA-N (2) 0.54  2.60 1.82 x 10°?
PEMA (3) 0.18 0.65
PEMA-P (3) 0.18 0.65 1.37x 1073
PEMA-N (3) 0.18 0.65 2.30 x 1073

% “P” and “N” indicate a pyrene and naphthalene label,
repsectively.

acceptor labeled polymers is freeze-dried from highly dilute
solution and a pellet pressed from this material is heated
above the glass transition, the interdiffusion of the polymer
chains will gradually increase the efficiency of nonradiative
energy transfer so that the process may be followed by the
change in the emission spectrum.

The present report covers a preliminary exploration of
this technique using polydisperse polymers of poly(ethyl
methacrylate) and poly(methyl methacrylate).

Experimental Section

4-(1-Pyrenyl)butyl Methacrylate (PBM). 4-(1-Pyrenyl)-
butanol was prepared from 1-pyrenylbutyric acid (Polysciences)
by reduction with LiAlH, in ether solution. The product (mp
76 °C) was obtained in 55% yield after recrystallization from
benzene/hexane. It was converted to the methacrylic ester by
treatment with methacrylyl chloride in the presence of tri-
ethylamine under nitrogen for 20 h at 70 °C. The ester (mp 79.5
°C) was recrystallized from benzene/hexane.

2-(1-Naphthyl)ethyl Methacrylate (NEM). 1-Naphthyl-
acetic acid (Aldrich) was reduced to 2-(1-naphthyl)ethanol by
LiAlH, in ether solution. The product, obtained in 78% yield,
was a colorless liquid that gave a single spot on TLC with silica
gel the stationary phase and ethyl ether the carrier. It was
converted to the methacrylic ester by the same procedure as
specified above. The product was chromatographed on silica gel,
using a mixture of hexane and ethyl ether as eluent. The pure
fractions were checked by TLC on silica gel and combined to give
a 54.5% yield after pumping for 18 h t 1072 torr.

Polymers. Methyl methacrylate (MM) and ethyl methacrylate
(EM) copolymers containing about 2.1 X 107 mol of PBM or NEM
were prepared by free radical initiated polymerization in bulk
or in ethyl acetate solution at 70 °C. The molecular weight of
the polymer was controlled by monomer dilution or by addition
of hydroxyethane thiol as chain-transfer agent. Homopolymers
of MM and EM were prepared under conditions similar to these
of the labeled copolymers. Average molecular weights were es-
timated from intrinsic viscosities (dL/g) at 25 °C. For MM
homopolymers and copolymers in chloroform the viscosity-average

molecular weight was estimated from!! [5] = 2.52 X 10°M°%, and
for EM homopolymers and copolymers in butanone!? [] = 2.83

X 1075M°™, The content of the fluorescent labels in the co-
polymers was obtained from UV absorption using for standards
methyl 1-naphthaleneacetate (¢ = 7.67 X 10° at 281 nm) and
4-(1-pyrenyl)butanol (¢ = 4.19 X 10* at 345 nm). Table I lists the
labeled polymers employed in this study.

Sample Preparation and Fluorescence Measurements. A
mixture of naphthalene- and of pyrene-labeled copolymers con-
taining the same molar amount of the label was diluted with the
methacrylate homopolymer to a label concentration of 7.9 X 107®
mol/kg. A solution of 0.5 g of this polymer mixture was dissolved
in 50 mL of benzene and rapidly frozen by swirling this solution
in a round-bottom flask immersed in dry ice-acetone. The solid
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benzene was then sublimed under vacuum. A sample of the fluffy
powder obtained (4-5 mg) was pressed into a pellet (with a
thickness of 50-70 um) using a pressure of 1000 atm. These pellets
were heated for varying periods to temperatures above the glass
transition, T}, and cooled to room temperature. The reflectance
fluorescence was then determined with a Hitachi Perkin-Elmer
MPF-2A spectrometer equipped with a 150-W xenon lamp.
Samples were irradiated at 282 nm (where the extinction coef-
ficients of the naphthalene and pyrene labels were 7.6 X 103 and
10.4 % 103, respectively), and changes in the nonradiative energy
transfer!'® were characterized by the relative emission intensity
of the pyrene label at 395 nm and the naphthalene label at 339
nm. Control experiments were carried out in which homogeneous
samples were prepared by film casting. These samples had the
same overall composition as the freeze-dried samples.

Results and Discussion

The carbazole donor and anthracene acceptor fluoro-
phores that were used in our previous studies'®* proved
to be unstable at elevated temperatures and, therefore,
could not be employed in this investigation. The naph-
thalene donor and the pyrene acceptor were found to be
acceptable. The characteristic distance R, at which the
nonradiative energy transfer between 1-methylnaphthalene
and pyrene has a 50% efficiency has been given'® as 2.86
nm, and we assumed that this would correspond closely
to the behavior of our labels. Unfortunately, at the
naphthalene label absorption peak at 282 nm the pyrene
acceptor has a larger extinction coefficient than the
naphthalene donor, so that anthracene emission is prom-
inent even in the absence of energy transfer. Nevertheless,
the ratio of pyrene and naphthalene emission as charac-
terized by the ratio of fluorescence intensities at 395 and
339 nm, I395/ I35, was found to be sufficiently different in
cast films in which the labeled polymers are distributed
at random (I395/I359 =~ 4) and in freeze-dried mixtures
containing separated donor and acceptor labeled polymers
(Z395/ 1339 ranging from 1.95 to 2.15) to allow us to char-
acterize the polymer interdiffusion by the changes in this
ratio.

Figure 1 shows plots of Igs/I539 as a function of heating
time for poly(ethyl methacrylate) with three average mo-
lecular weights at various temperatures, and Figure 2
shows results obtained with a sample for poly(methyl
methacrylate). The results show that the energy transfer
does increase with time, indicating a gradual interdiffusion
of donor- and acceptor-labeled polymers. Since polydis-
perse polymers were used in this preliminary study and
the diffusion coefficient of chain molecules in bulk is a
steep function of chain length, quantitative interpretation
of the results is not possible. Nevertheless, some quali-
tative observations may be made: (1) For poly(ethyl me-
thacrylate) with M equal to 0.70 X 105, 2.6 X 105, and 5
X 105, the self-diffusion rates seem to be similar when the
three samples are heated to 100, 120, and 140 °C, re-
spectively. (2) Poly(methyl methacrylate) with a very
small molecular weight (M = 0.94 X 10%) exhibited much
slower self-diffusion than poly(ethyl methacrylate) with
a 5 times longer chain length. The low mobility of PMMA
relative to PEMA would be expected because of the much
closer proximity of PMMA to its glass transition tem-
perature in the temperature range of this study. Using the
parameters given by Berry and Fox,'¢ one expects the ratio
of the frictional coefficients per monomer residue of
PMMA and PEMA, respectively, to be 37 at 120 °C and
12 at 140 °C.

Assuming that the spatial resolution of our method is
characterized by the diameter of the spherical polymer
particle, d, on the order of 10 cm, and if we limit the
experimental time to 10° s, then diffusion coefficient, D,
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M=50x10°
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Figure 1. Dependence of the ratio of the emission intensity at
395 and 339 nm on the heating time of freeze-dried mixtures of
naphthalene- and pyrene-labeled poly(ethyl methacrylate).

140°
r 29 120°
395

10 20
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Figure 2. Dependence of the ratio of the emission intensity at
395 and 339 nm on the heating time of freeze-dried mixtures of
naphthalene- and pyrene-labeled poly(methyl methacrylate).

on the order of 107" cm?s™ should be accessible to
characterization by this method. Specifically, if a time ¢;,,
is required for the energy-transfer efficiency to change
halfway from its initial value to the value corresponding
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to a uniform distribution of donor- and acceptor-labeled
polymers, then it may be conjectured that d?/t,,, is pro-
portional to D. However, this assumption is somewhat
uncertain since the unfolding of the original compact
sphere to a random coil shape of the polymer chain is a
complex process whose rate need not necessarily be pro-
portional to D, which refers to the mobility of the unfolded
chain.

Obviously, it will be important to assess the utility of
this method using polymer samples with a narrow chain
length distribution. Attachment of labels to preformed
polymers has previously been used in this laboratory,!#
and we plan to use polystyrenes with narrow chain length
distributions labeled in this manner in future studies.

Note Added in Proof: The elegant paper by Antonietti
et al. published in this issue (p 798) shows that the
fluorescent labels reduce to a measureable extent the
polymer diffusion coefficient.
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