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combinations of incident and scattered polarizations with
those predicted by group theoretical analysis of an isolated
chain in either a 3/2-helical or planar-zigzag conformation.

Observation of the Raman-active LAM and the corre-
lation of its position with the corresponding stem length
in lamellar crystals provide further evidence of a trans-
planar structure.

Combined infrared and Raman measurements in the CH
stretching region indicate, based on local symmetry argu-
ments, that the CC bond joining the two CH, groups must
be trans. Although this constitutes a necessary but not
sufficient condition for planarity, when taken collectively
with the additional results already described, it strongly
supports the existence of a planar structure for the E-TFE
copolymer in the solid state, as has been predicted by
Farmer and Lando.!*
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ABSTRACT: The fluorescence properties of julolidinemalononitrile (1), a molecular rotor probe, have been
studied in a series of stereoregular poly(methyl methacrylate) films. The quantum yield of fluorescence of
1 was found to be dependent on the tacticity of the polymer. The relatively high fluorescence yield of 1 in
isotactic PMMA indicated that the flexibility of isotactic chains is lower than that of syndiotactic or atactic
PMMA. The temperature-dependent fluorescence results are consistent with a helical conformation for isotactic

PMMA.

In recent years methods have become known for the
preparation of high molecular weight stereoregular isotactic
and syndiotactic poly(methyl methacrylate),! (i- and s-
PMMA) (see Figure 1). These species exhibit vastly
different properties from the so-called atactic (a-PMMA)
or random polymers. Both the isotactic and syndiotactic

tPresent address: Department of Chemistry, St. John Fisher
College, Rochester, NY 14618,

PMMA polymers have been characterized through dif-
ferences in X-ray diffraction patterns,? infrared spectra,
laser Raman spectra,® far-ultraviolet spectra,* densities,’
glass transition temperature,® dielectric loss curves,” and
mechanical and viscoelastic properties.® Information on
the steric arrangements of functional groups is best pro-
vided by high-resolution NMR techniques.®

Although certain of these measurements have given
direct information on the tacticity of these polymers, the
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Figure 1. Chemical structure of stereoregular poly(methyl me-
thacrylate).

conformational structure of these macromolecules is still
a matter of debate.*1%13

Liquori and co-workers? proposed a fivefold helical
conformation for isotactic PMMA, with a repeat distance
of 10.4 A. However, Tadokoro and co-workers,!? using
X-ray data, derived a double-helical structure, in which
each strand consists of ten repeat units per turn, with
repeat distance of 20.8 A. Recently, Sundararajan,'® using
virtual bond analysis, showed that the isolated 10-unit
helix is, indeed, of lower energy than the 5-unit helix by
about 2.8 kcal/mol. Furthermore, the transition of 43 °C
exhibited by isotactic PMMA was suggested to be due to
chain transformation from (5/1) to (5/2) helix by Liquo-
ri'®!! and to transition between the (5/2) to (10/2) helices
by Sundararajan.!® Evidently, an alternative method for
determining the conformational structure of stereoregular
polymers is still needed. Such a technique should probe
the microstructure of the polymer and account satisfac-
torily for the dynamic structural changes occurring over
a wide temperature range. At the same time, the mea-
surement should not induce modification in the chemistry
or structure of the polymer and it should be simple.

In recent years the application of luminescence spec-
troscopy for the study of great diversity of phenomena
occurring in synthetic and natural polymers has become
widespread.!418 The versatility and sensitivity of lu-
minescence as a technique in polymer chemistry stem from
the multiple aspects of the interaction of electronically
excited states with their immediate environment. We have
recently described a novel phenomenon associated with
the effect of media rigidity on the fluorescence intensities
of a series of donor-acceptor dyes, [p-(dialkylamino)-
benzylidene]malononitriles.’® The singlet-excited-state
lifetime of these dyes is estimated to be 3-10 ps in solution,
which corresponds to a nonradiative decay rate, k., of the
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order of 10! s°1. The extremely fast deactivation rate of
the singlet state of these materials was attributed to tor-
sional relaxation. We have shown that environmental
factors restricting the internal molecular rotation of these
dyes lead to a decrease in k,,, and consequently an increase
in fluorescence yield. These dyes are, therefore, excellent
microscopic probes for measuring the torsional rigidity of
the surrounding polymer media, and their fluorescence
yield is very sensitive to dynamic structural changes oc-
curring over wide temperature range.

Here the results of an investigation concerning the
emission properties of julolidinemalononitrile (1) in solid

films of stereoregular poly(methyl methacrylate) are re-
ported. The quantum yield of fluorescence of 1 is found
to be dependent on the tacticity of PMMA. We also ex-
amined the dependence of the fluorescence intensity of 1
in solid PMMA films on temperature. The transition at
~43 °C for i-PMMA was clearly observed and is consistent
with unwinding of a helix.

Experimental Section

Materials. Julolidinemalononitrile (1) was purified as de-
scribed previously.® Atactic poly(methyl methacrylate) samples
were obtained from Polysciences Inc. as standards with narrow
molecular weight distribution. Isotactic poly(methyl meth-
acrylates) were obtained by polymerization of methyl methacrylate
using phenylmagnesium bromide or lithium aluminum hydride
initiators.2"% Syndiotactic poly(methyl methacrylate) was pre-
pared as described elsewhere?* using ethyl(pentamethylene-
imino)magnesium initiator. All polymerizations were carried out
in an inert atmosphere with syringe technique. The reactions
were quenched by precipitation in a large excess of methanol
containing a small amount of HCI and the solids filtered, washed,
and dried. The crude products were then stirred in 10% aqueous
HCI solution, washed thoroughly with water, dried, dissolved in
benzene, and freeze-dried.

Molecular Weight Determination. The intrinsic viscosity,
[n], of all polymers studied was determined in chloroform at 30
°C with a dilution viscometer. Molecular weight distributions
and M,’s were determined by gel permeation chromatography,
the latter being calculated as a @ factor.

Tacticity Determination. Tacticities are expressed as triads
on the basis of proton NMR spectra obtained on a Bruker WP-80
Fourier transform spectrometer. Spectra were obtained in ni-
trobenzene-d; solution at 100-110 °C with Me,Si as internal
standard. These analyses, along with the molecular weight data,
are summarized in Table I, where i, h, and s are the fractional
isotactic, heterotactic, and syndiotactic triad contents, respactively.

Determination of the Glass Transition Temperature. The
glass transition temperature T, of each polymer studied was
determined by differential scanning calorimetry using a Du Pont
DSC apparatus. A typical DSC thermogram is shown in Figure
2. The thermal history of the sample greatly influenced the
appearance of the first DSC curve. In general, several DSC runs
were made with each polymer and the average of all runs was used
to determine T,. T, was obtained from the intersection of the
initial base line and the sloping portion of the curve and is accurate
to about £2 °C. The results are given in Table II. The glass
transition temperature of PMMA is strongly tacticity dependent.
Our result is in fairly good agreement with literature data.?

Dye-in-Polymer Film Preparation. Films of the dye 1 (0.05
wt %) in poly(methyl methacrylate) were prepared by solvent
casting from a 10% solution of solid polymer dissolved in
methylene chloride. Typically 100 mg of PMMA was dissolved
in1mL of 2 X 107 M 1 in methylene chloride. Films were cast
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Table I
Preparation of Stereoregular Poly(methyl methacrylate)

initiatox

MMA ———— PMMA

tacticity, triads %

stereoregularity initiator Mg x 103 MWD i h s
isotactic PhMgBr 61 3.2 >98
LiAlH, 80 1.8 96 3 1
PhMgBr 82 3.2 >98
atactic free radical 75 1.04 6 36 58
81.8 1.75
250 1.04 (approx the same)
syndiotactic EtMgN(CH,), 90 2.3 <1 23 77
EtMgN(CH,), 180 1.3 <1 23 77
Table II

Spectroscopic Data for Julolidinemalononitrile in Various Stereoregular PMM A

absorption and fluorescence data

M, X 103 MWD Ty, °C Amax, M A, Nm Dy
isotactic 82 3.2 52 457.5 492 0.049
61 3.2 46 458 492 0.043
' 80 1.8 44 458 493 0.036
atactic 75 1.04 100 450 491 0.022
81.8 1.75 104 450 491 0.020
‘ . 250 1.04 110 450 492 0.018
syndiotactic 90 2.3 123 452 490 0.020
180 1.3 122 453 490 0.015
i I I 1 T L 1 1
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Figure 2. Differential scanning thermogram of i-, a-, and s-
PMMA.

by placing part of the prepared solution onto precleaned 2 X 2
in. Corning glass plates. The glass plates were covered and the
solvent was allowed to slowly evaporate at room temperature. The
resulting films were typically about 8 um thick. The films were
then placed in a small vacuum oven for 24 h. The emission
spectrum of a film measured immediately following the room-
temperature evaporation was not different from the emission
spectrum measured following days of storage under vacuum.

Fluorescence Measurements. The measurements were done
at relatively low dye concentration to avoid dye aggregation and
dimer formation. Fluorescence spectra of the films were recorded
by front-surface illumination on a Perkin-Elmer MPF4 spectro-
fluorimeter, which was equipped with a differential corrected
spectral unit (DCSU-2). Fluorescence quantum yields were de-
termined (in a corrected mode) by comparing with 9,10-di-
phenylanthracene fluorescence in PMMA (3 X 107 M), which has
been shown to have a quantum yield of 0.99.2% The optical
densities of the dye in polymer samples were in the range of 0.3-0.5
at the absorption maximum. Controlled experiments showed that
the polymer film itself did not show any absorption or emission
under the experimental conditions. The temperature-dependent
fluorescence measurements were carried out by using a specially
designed electrically heated copper block that was fitted into the
sample compartment. Thermal grease was employed to contact

the Corning glass plate to the copper block. The temperature
of the copper block was controlled by the amount of current
supplied to the heater. The polymer film temperature was
monitored at the surface with a skin surface thermocouple probe
(Bailey SST-1) connected to Bailey Instrument digital meter
(Model BAT-12).

The absorption spectra of the dye 1 in PMMA films were
measured on a Cary 17 spectrometer. Summaries of the ab-
sorption and fluorescence data are given in Table II. The ab-
sorption and emission maxima of 1 have been previously found
to shift to the red as the dielectric constant of the solvent (me-
dium) increases.!® Figure 3 shows a small red shift in the ab-
sorption maximum of 1 in i-PMMA relative to that in s- or a-
PMMA. These results suggest that the dielectric constant of
i-PMMA is slightly higher than that of s- or a-PMMA.

Results and Discussion

Figure 3 displays the absorption and emission spectra
of julolidinemalononitrile (1) in films of stereoregular
poly(methyl methacrylate). The dye 1 exhibits an intense
absorption at Ay, ~450 nm and weak fluorescence
emission band at Ap,; 490 nm. The similarity of the ab-
sorption and emission bands of 1 in PMMA to that in ethyl
acetate indicates that there is no specific interaction be-
tween the dye and the polymers. The S; — S; transition
of 1 was previously assigned to an intramolecular charge-
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Figure 4. Temperature-dependent fluorescence of 1 in isotactic
PMMA (M,, = 61000).

transfer state (D*—-A").® The radiative rate constant, &,,
of the emitting single excited state of 1 is 2.8 X 108s7! (i.e,,
7, = 3.6 ns), while the nonradiative decay rate, k,,, is of
the order of 10! s1. The extremely fast deactivation rate
of the singlet excited state of 1 and many intramolecular
change-transfer complexes is attributed to fast intrinsic
internal rotation, a process involving movement of one
part of the molecule with respect to the other. Environ-
mental factors restricting the internal rotation of the dye
lead to decreases in k,, and consequently increases in
fluorescence.

For dyes with rotation-dependent nonradiative decay,
k., the fluorescence quantum yield becomes very sensitive
to media rigidity, viscosity, polarity, and temperature.!%
The data in Table II show that dye 1 fluorescence is also
sensitive to the tacticity of the polymer matrix. The
quantum yield for fluorescence of 1 is markedly enhanced
in isotactic poly(methyl methacrylate) as compared to the
syndiotactic or atactic polymers. The enhancement of
fluorescence of 1 is caused by inhibition of the internal
molecular rotation via rigidization of the probe by local
environment. These results indicate that the flexibility
of isotactic chains is lower than that of syndiotactic or
atactic chains. Vitagliano and co-workers® have recently
found that the probability of cationic dye (Acridine orange)
intercalation in isotactic polyacids is much higher than that
in syndiotactic ones. It is, therefore, tempting to speculate
that the relatively high fluorescence yield of 1 in isotactic
PMMA is due to rigidization of the probe by a helical
conformation of the polymer chains. The motion of the
intercalated dye molecules would be considerably impeded
by the polymer, resulting in the enhancement of fluores-
cence.

We have also examined the effect of temperature on the
fluorescence of julolidinemalononitrile (1) in poly{methyl
methacrylate) films to probe the torsional relaxation
processes of the various polymers over a wide temperature
range. Figure 4 shows the temperature dependence of the
fluorescence intensity, Iy, of 1 in isotactic PMMA. A re-
markable resemblance of the Ir vs. T plot to the DSC
thermogram of isotactic PMMA is observed; that is, a
well-defined transition occurs at 43 °C. The temperature
dependence of the fluorescence of 1 in syndiotactic or
atactic PMMA?® is somewhat different from that in iso-
tactic PMMA. The flucrescence intensity of 1 in syndio-
tactic (or atactic)’® PMMA decreases gradually with in-
creasing temperature, as shown in Figure 5. A break in
the Iy vs. T plot occurs at the glass transition temperature
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Figure 5. Effect of temperature on the fluorescence of 1 in
syndiotactic and isotactic PMMA.

of the polymer, 125 °C for syndiotactic and 106 °C for
atactic PMMA. The decrease in fluorescence of 1 in
syndiotactic and atactic PMMA with increased tempera-
ture is due to increase in polymer chain motion creating
sufficient free volume for the probe to rotate. Above the
glass transition temperature significant segmental motion
of the polymer chains occurs, permitting the probe to ro-
tate freely. At such a point the fluorescence intensity levels
off and approaches that in fluid media.

The fluorescence-temperature behavior of 1 in isotactic
PMMA is radically different. A sharp drop in the
fluorescence occurs at ~43 °C, followed by the normal
decrease in Iy with increased temperature. This transition
cannot be a glass transition but is rather consistent with
a change in the conformation of the polymer chains from
a tight, less flexible, to an open, more flexible, conforma-
tion.

The types of relaxation that take place in amorphous
polymers in the temperature range of interest here are (1)
localized main-chain motions involving the cooperative but
restricted motion of segments of few contiguous monomer
units (processes usually have activation energies in the
neighborhood of 10 kcal/mol®) and (2) side-group motions
such as methyl or ester groups, which tend to have smaller
activation energies in the region of 2-4 kcal/mol. The
activation energy for the relaxation process of isotactic
PMMA at temperatures below 43 °C is 4.2 kcal/mol,
consistent with side-group motion. Above 43 °C, the ac-
tivation energy is 8.5 kcal/mol, which corresponds to
localized main-chain motions.

On the basis of the above information, one must con-
clude that the conformational transition at 43 °C for iso-
tactic PMMA is triggered by rotations of the side groups,
which change the choice of the preferred conformation.
Sundararajan,'® on the basis of virtual bond analysis,
suggested that the conformational transition at 43 °C
corresponds to transition between 5(2) and 10(2) helices.
The fluorescence results presented here are in full agree-
ment with this model.

One final note on the apparent frequency independence
of polymer transitions measured by the fluorescence
technique is in order. For instance, the glass transition
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temperature determined by our probe (relaxation fre-
quency 10!! Hz) agrees well with those determined by slow
thermal relaxation techniques. The answer to this question
lies in the fact that molecular and submolecular motions
to which the probe is sensitive contribute to the macro-
scopic behavior of the polymer. In addition, the steady-
state fluorescence measurements average out the macro-
dynamic behavior of the polymer chains.

Basically, two principal findings have emerged. One is
the dependence of the fluorescence yield of molecular ro-
tors on the tacticity of the polymer matrix. The other is
the sensitivity of the fluorescence of molecular rotors to
dynamic changes in the conformation of polymers over
wide temperature ranges. One must remember that dif-
ferent relaxation techniques applied to polymeric materials
respond with different sensitivity to the various types of
molecular motion. The fluorescence probe method com-
plements many of the well-established methods of polymer
material research.
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ABSTRACT: The stepwise protonation of three polymeric amines, containing a different shielding group
between the amine moieties of the repeating units, has been studied from a thermodynamic standpoint. This
was done for comparison purposes with structurally related poly(amido amines) whose monomeric units had
been previously found to behave independently toward protonation. This study was performed by potentiometric
and calorimetric techniques, and specific methods for the treatment of either “sharp” or “apparent” ther-
modynamic functions in polyelectrolyte having more than one basic group in the repeating unit have been

developed.

Introduction

The thermodynamic functions for the protonation of
polymeric bases usually depend on the degree of proton-
ation of the macromolecule (i.e., on its total charge).! Up
to now, in only two classes of polymers, poly(amido
amines)? and poly(macrocycles),? have the monomeric units
behaved independently toward protonation, thus giving

rise to “sharp” thermodynamic functions.* (“Sharp” means
that the thermodynamic functions do not depend on the
degree of protonation (@) of the whole macromolecule, and
“apparent” means that they do.)

In order to gain further insight into the structural rea-
sons of this unusual trend, we have modified the mono-
meric units of poly(amido amines) in several respects®5-8
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