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ABSTRACT: Poly(methyl methacrylate)s labeled with a fluorophore donor, carbazole (C), or acceptor,
anthracene (A), have been prepared by free radical, anionic, and coordination polymerization, yielding
atactic (a), isotactic (i), and syndiotactic (s) polymers. Nonradiative energy transfer (NET) was used to
study polymer association in solutions. The efficiency of NET for mixtures of labeled tactic poly(methyl
methacrylate)s (CPOL ) 5.00 g L-1; CC ) 2.61 × 10-4 M; CA ) 6.00 × 10-4 M) in dimethylformamide and
dioxane was 0.20 and 0.10, respectively. For a mixture of atactic polymers, the efficiency of NET in the
same solvents under similar conditions is much lower. The efficiency of NET for a mixture of labeled
atactic poly(methyl methacrylate)s increases with increasing polymer concentration and is nearly
independent of concentration for a mixture of labeled tactic polymers. The time-dependent decays of
fluorescence anisotropy show that stereocomplexation causes an increase in rotational correlation times
of carbazole and anthracene fluorophores. The rotational correlation time of carbazole fluorophore as a
part of a stereocomplex is 25.5 and 19.1 ns in dimethylformamide and dioxane, respectively, and shorter
than 2 ns in noncomplexing solvents.

Introduction
Syndiotactic and isotactic poly(methyl methacrylate)s

(s-PMMA and i-PMMA) form a stereocomplex in some
solvents. The formation and structure of this stereo-
complex have been studied by a variety of methods,1 i.e.,
turbidity, light scattering, sedimentation, osmometry,
GPC, viscometry, DSC, X-ray diffraction, NMR, IR
spectroscopy, and nonradiative energy transfer (NET).2
In NET, the electronic excitation energy is transferred

from a donor to an acceptor fluorophore through an
induced resonance interaction if the emission spectrum
of the donor overlaps the absorption spectrum of the
acceptor. The theory for this resonance nonradiative
energy transfer was derived by Förster3-5 using a
dipole-dipole approximation of Coulombic interactions.
The rate of the transfer was predicted to be inversely
proportional to the sixth power of the distance between
the interacting fluorophores and thus very sensitive to
this distance. NET has been used extensively to
characterize intramolecular distances in biological mac-
romolecules.6 A number of studies have also been
reported, dealing with intermolecular and intramolecu-
lar NET in synthetic polymers. NET has been used for
the characterization of polymer compatibility,7-9 in the
study of conformational properties of macromolecules
in solution and their dynamics,10-13 in the study of
molecular association in polymer solutions2,14,15 and
many other applications.16,17 Reviews are available
summarizing polymer studies to 1988 and up to 1993
employing NET.18,19
In a preliminary study2 it was shown that stereocom-

plex formation between carbazole (C) and anthracene
(A) labeled PMMA is accompanied by a decrease in the
ratio of carbazole and anthracene emission intensities
IC/IA. The dependence of IC/IA on the content of s-PMMA
in the mixture confirmed the relative tendency for ster-
eocomplex formation in various solvents and revealed
its stoichiometry (e.g., i-PMMA/s-PMMA ) 1:2 in DMF).

By comparison with a previous study, time-resolved
fluorescence measurements of the carbazole fluorophore
in the absence and presence of the anthracene fluoro-
phore allow us to evaluate quantitatively the efficiency
of NET in systems where stereocomplex formation does
or does not take place. Such a comparison has unam-
biguously proved the stereocomplex formation.
From time-resolved fluorescence anisotropy studies

the rotational correlation times of donor and acceptor
fluorophores in the stereocomplex have been deter-
mined. These rotational correlation times were com-
pared with the correlation times for fluorophores im-
bedded in noncomplexing polymers.

Experimental Section

Monomers. 2-(9-Carbazoyl)ethyl methacrylate (CEMA)
was prepared by a reaction of methacryloyl chloride with 9-(2-
hydroxyethyl)carbazole in toluene according to the procedure
used for the preparation of 3-(N-carbazoyl)propyl methacry-
late;20 triethylamine was used as the hydrogen chloride
acceptor. The product was crystallized from heptane; mp 82-
83.5 °C. Anal. Calc: C, 77.40; H, 6.13; N, 5.01. Found: C,
77.36; H, 6.16; N, 4.91.
The structure of CEMA was confirmed by IR and NMR

spectrometry. The product was homogeneous on TLC. The
molar absorption coefficient was ε292 ) 16 800 L mol-1 cm-1

(dioxane). N-(2-Hydroxyethyl)carbazole was prepared by a
reaction of carbazole with ethylene oxide in the presence of
potassium hydroxide in methyl ethyl ketone.21 The product
was isolated by pouring the reaction mixture into water. The
crude product was dissolved in toluene, and after addition of
heptane N-(2-hydroxyethyl)carbazole crystallized.
(9-Anthryl)methyl methacrylate (AMMA) was prepared

(analogously as CEMA) by a reaction of methacryloyl chloride
with 9-(hydroxymethyl)anthracene. The crude product was
crystallized from a binary mixture of toluene/heptane and
recrystallized from methanol; mp 82-84 °C (ref.22 82-83 °C).
Anal. Calc: C, 82.58; H, 5.84. Found: C, 82.76; H, 5.79. The
structure of AMMA was confirmed by IR and NMR spectrom-
etry. The product was homogeneous on TLC. The molar
absorption coefficients were ε366 ) 8460 L mol-1 cm-1 and ε292
) 323 L mol-1 cm-1 (dioxane).
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9-(Hydroxymethyl)anthracene was either a commercial
product (Aldrich) or it was prepared by reduction of 9-anthral-
dehyde with sodium borohydride in methanol.
Homopolymers and Copolymers. Unlabeled Poly-

mers. Atactic poly(methyl methacrylate) (a-PMMA) was
prepared by free radical polymerization of methyl methacrylate
(MMA) in toluene at 60 °C using AIBN [2,2′-azobis(2-methyl-
propionitrile)] initiator. The polymer was reprecipitated into
methanol. Isotactic PMMA (i-PMMA) was prepared by anionic
polymerization of MMA in toluene at -78 °C using tert-
butylmagnesium bromide initiator.23 Syndiotactic PMMA (s-
PMMA) was prepared by polymerization of MMA initiated by
TiCl4-Et3 Al at -78 °C in toluene.24
Labeled Polymers. Fluorescent labels were introduced

into PMMA by copolymerization of MMA with CEMA or
AMMA. Copolymerizations were carried out in the same way
as the preparation of unlabeled polymers. Atactic PMMA was
labeled with carbazole (a-PMMA-C) or anthracene (a-PMMA-
A), isotactic PMMA with anthracene (i-PMMA-A) or carbazole
(i-PMMA-C), and syndiotactic PMMA with carbazole (s-PMMA-
C) or anthracene (s-PMMA-A).
Characterization. Molecular weights were determined by

GPC using tetrahydrofuran solutions and a Hewlett-Packard
1090 apparatus controlled by a HP 85B computer. PL gel 10
µ MIXED or PL gel 10 µ 500 (Polymer Laboratories Ltd.,
Shropshire, U.K.) columns were used for analysis. The ap-
paratus was calibrated using atactic PMMA (Mw/Mn < 1.05,
Polymer Standard Service, Mainz, FRG) standards. The
molecular weight averages were calculated using a program
supplied by Hewlett Packard.
UV-vis spectra were taken on a Hewlett-Packard 8451A

spectrophotometer.
1H NMR spectra were taken on a Bruker ACF-300 spec-

trometer at 300.1 MHz in deuterium chloroform at 60 °C using
hexamethyldisiloxane as an inner standard.
The content of syndiotactic (S), heterotactic (H), and isotactic

(I) triads in the homopolymers and the copolymers of methyl
methacrylate with a low content of fluorophore monomers was
determined25 from integrated intensities of the R-CH3 signals
at 0.80 ppm (rr), 1.00 ppm (mr), and 1.15 ppm (mm) in 10 wt
% solution of polymers. The content of carbazole and anthra-
cene fluorophores in copolymers was evaluated by UV-vis
spectrometry in dioxane solutions. The molar absorption
coefficients of CEMA and AMMA were used for calculation
(Table 1).
Steady-State Fluorescence Measurements. Fluores-

cence spectra were measured with a Hitachi Perkin-Elmer
MPF-2A spectrometer provided with a Hamamatsu R928 pho-
tomultiplier and were corrected for the wavelength dependence
of the instrument sensitivity.26 The spectral sensitivity coef-
ficient was determined using a tungsten bulb having a known
spectral distribution and standard fluorescence spectra27-29 of
â-naphthol and m-nitrodimethylaniline.
To determine the IC/IA ratio, solutions of labeled polymers

were diluted with the corresponding unlabeled polymers to
attain the desired concentration and i- to s-PMMA ratio. The
complexation was studied in dioxane, dimethylformamide, and
chloroform. Reflectance fluorescence spectra were measured
at 24 °C. The donor was excited at 292 nm, and the energy
transfer efficiency was characterized by the ratio of the

emission intensity of the donor at 345 nm (IC) and the acceptor
at 411 nm (IA).
Fluorescence Quantum Yield. The relative fluorescence

quantum yield (QD) of carbazole fluorophore (donor) in the low
molecular weight analogue and in copolymers was calculated30
from

where subscript S denotes a standard compound, A is the
absorbance of a solution at the excitation wavelength, n is the
refractive index of the solvent, and I(λ) is the intensity of
fluorescence at the emission wavelength λ. The “inner filter
effect” was eliminated using solutions having the same optical
density (A ) 0.1) at the wavelength of excitation. The
fluorescence quantum yield31 of carbazole in cyclohexane is QS

) 0.38. The excitation wavelength was at the maximum of
the absorption band (standard, ex ) 290 nm and em ) 310-
420 nm; copolymers, ex ) 292 nm and em ) 330-440 nm).
The area under the emission spectrum was evaluated by
numeric integration of corrected emission spectra. The rela-
tive quantum yields are given in Table 2. The values of the
overlap integral J in Förster’s theory for the low molecular
weight carbazole monomer and carbazole fluorophore embed-
ded in the polymer chain and the anthracene fluorophore
(AMMA) in different solvents are summarized in Table 2.
Figure 1 illustrates absorption and emission spectra of

CEMA and AMMA in dioxane.
Characteristic Distance (Ro) and Efficiency of Non-

radiative Energy Transfer. The characteristic (Förster)
distance (Ro) at which the transfer rate is equal to the decay
rate of the donor in the absence of acceptor is given (for
fluorophores separated at constant distance, no diffusion
during the excited lifetime of donor) by

Table 1. Microstructure, Content of Fluorophores, and
Molar Weights of Homopolymers and Copolymers of

Methyl Methacrylate

tacticity (%)

polymer I H S
label content

(mol %) 10-3Mn 10-3Mw

a-PMMA-C 3.9 32.6 63.5 1.12 51 123
a-PMMA-A 4.6 34.7 60.7 1.09 57 136
a-PMMA 3.9 34.1 62.0 0.00 45 84
i-PMMA-C 71.9 11.1 17.0 1.61 3 7
i-PMMA-A 84.1 3.7 12.2 0.69 6 10
i-PMMA 95.0 3.0 2.0 0.00 16 19
s-PMMA-C 2.2 11.4 86.4 1.75 60 568
s-PMMA-A 3.5 13.8 82.7 1.86 40 433
s-PMMA 0.8 9.0 90.2 0.00 64 278

Table 2. Relative Fluorescence Quantum Yield (QD) of
Carbazole Fluorophore and Values of the Overlap
Integral (J) and Characteristic Distance (Ro) for

Donor-Acceptor Pair Carbazole-Anthracene (AMMA) in
Different Solvents

carbazole
fluorophore solvent QD

Ro
(nm)

1015J
(L mol-1 cm3)

CEMA dioxane 0.36 2.73 8.15
a-PMMA-C dioxane 0.49 2.89 8.11
a-PMMA-C DMF 0.57 2.97 8.47

Figure 1. Absorption spectra of CEMA (1) and AMMA (2) at
concentration 4.36 × 10-5 M and emission spectra of CEMA
(3) (ex ) 292 nm) and AMMA (4) (ex ) 366 nm) at concentra-
tions equal to 0.1 absorbance at the excitation wavelength in
dioxane.

QD ) QS

AS

A
n2

nS
2

∫λI(λ) dλ

∫λIS(λ) dλ
(1)

Ro
6 )

9000(ln 10)K2QD

128π5NAn
4 ∫0∞ ID(ν) εA(ν) dν

ν4
)

8.8 × 10-25 × (K2n-4QDJ) (cm
6) (2)
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where QD is the fluorescence quantum yield of the donor in
the absence of acceptor, n is the refractive index of the medium,
NA is Avogadro’s number, ID(ν) is the corrected fluorescence
intensity of the donor in the wave number range ν to ν + dν
with the total intensity normalized for unity, εA(ν) is the molar
absorption coefficient of the acceptor, and J is the spectral
overlap integral between the donor-corrected emission and the
acceptor absorption spectrum. The factor K2 is known to be
2/3 for a randommutual orientation of the transition moments
of the donor and acceptor if the rotational correlation time is
short compared to their excited-state lifetime (dynamic aver-
aging), while it is 0.476 in rigid media (static averaging).32 This
mutual orientation is certainly random in noncomplexing
solutions of donor- and acceptor-labeled polymers, and we may
assume it to be random even in a stereocomplex with a low
fluorophore content. Whereas the dynamic averaging can be
expected to apply for labels attached to isolated chains, this
may not be so for labels attached to the rigid stereocomplex.
However, eq 2 shows that R0 is affected very little by a change
from dynamic to a static averaging. The efficiency of nonra-
diative energy transfer (E) was calculated from the average
lifetime of the donor (carbazole) fluorescence in the presence
(τDA) and absence (τD) of the acceptor

Time-Resolved Fluorescence Measurements. Time-
dependent decays of fluorescence anisotropy and average
lifetimes of the excited state were obtained using a time-
resolved fluorometer FL 900 CDT (Edinburgh Analytical
Instruments, Edinburgh, U.K.). This apparatus uses the time-
correlated single photon counting method.
Time-resolved decays of fluorescence intensity were ana-

lyzed by deconvolution of the lamp pulse with the impulse
response of the sample. The observed decay intensity of
fluorescence R(t) is given by the convolution integral26

where L(t) is the time distribution of the lamp pulse and F(t)
is the response (theoretical) function corresponding to the
infinitely short excitation lamp pulse. L(t) was measured
using a solution of LUDOX (DuPont) closely spaced in time to
particular fluorescence decay experiments (Figure 2).
The time-resolved decay of fluorescence intensity obtained

by computer using FL900CDT software is given by

where Bi is a preexponential factor representing the fractional
contribution to the time-resolved decay of the component with
a lifetime τi, A is the background, and t is time.
Least-squares analysis of the time-resolved decay was used

for estimation of the impulse response function F(t). The
goodness of fit (ø2) was calculated from

where RC(t) is the calculated decay of fluorescence. The
fractional intensity of each species is given by

The time-resolved intensity decays of the parallel [RVV(t)]
and the perpendicular [RVH(t)] components of the emission
were measured, and the time-resolved anisotropy r(t) was

calculated point by point using the equation

where G ) ∑tRHH(t)/∑tRHV(t).
The emission anisotropy r(t) was analyzed using the experi-

mental function (eq 5) without deconvolution; τi is in this case
the rotational correlation time (Φi) of the fluorophore, and A
is a limiting anisotropy (r∞).
Excitation of the samples was carried out by a pulse lamp

nF 900 controlled by a thyratron tube having a repetition
frequency rate 40 kHz. The lamp was filled with hydrogen
(>99.995%) at 45 kPa. The intensity level of the emission
beam was adjusted so that 800 fluorescence photons or less
were observed per second. The fluorescence measurements
were performed at right angle observation of the center of a
centrally illuminated cuvette (1 × 1 × 4 cm) in L- or T-format.
Front-face illumination was performed using triangular cu-
vettes oriented 45° relative to the incident beam at 25 °C.
Where applicable, solutions were purged with nitrogen for 10
min in the cuvette and then stoppered. Solutions of the
stereoregular PMMA were measured 22 h after the mixing of
solutions of i-PMMA and s-PMMA.

Results and Discussion
Fluorescence Quantum Yield of Carbazole in

CEMA and in a-PMMA-C. From corrected emission
spectra of the carbazole fluorophore in the CEMA and
copolymer a-PMMA-C in several solvents, we have
determined the relative fluorescence quantum yield QD
(Table 2). The value of the fluorescence quantum yield
of the carbazole fluorophore in the side chains of the
polymer is higher than for low molecular weight mono-
mer CEMA. A decrease in the mobility of the fluoro-

E ) 1 -
τDA
τD

(3)

R(t) )∫0tF(t - t′) L(t′) dt′ (4)

F(t) ) A + ∑
i

Bi exp(-t/τi) (5)

ø2 ) ∑
t

[R(t) - RC(t)]
2

R(t)
(6)

rel Bi )
Biτi

∑
i

Biτi

100 (7)

Figure 2. Time-resolved fluorescence decay for CEMA in di-
oxane: the measured lamp pulse (1), the calculated fluores-
cence decay Rc(t) from experimental points (2), and the
standard deviation (3).

r(t) )
GRVV(t) - RVH(t)

GRVV(t) + 2RVH(t)
(8)

Macromolecules, Vol. 30, No. 25, 1997 PMMA Stereocomplex Formation 7823



phore attached to the polymer chain results in a
decrease of the rate of radiationless transitions.
Efficiency of Nonradiative Energy Transfer.

The characteristic distance R0 according to Förster’s
theory (eq 2) expected in the absence of fluorophore
difussion is given in Table 2. The characteristic con-
centration of carbazole (anthracene) C0.5 (mol/L) corre-
sponding to E ) 0.5 may be obtained from the experi-
mental data defining a characteristic distance ro (nm)
for NET given by31 ro ) 0.735/(C0.5)1/3 (nm). The
characteristic distance ro depends on the content of the
fluorophores in the labeled atactic PMMA and on the
translational diffusion coefficient of the polymer mol-
ecules. It is quite obvious that translational diffusion
of the polymer coils during the excited state lifetime of
the carbazole fluorophore in the polymer solution will
play an important role.
For low molecular weight compounds, the distance ro

is usually longer than Ro. The diffusion of the donor
fluorophores toward the acceptor during the excited
state lifetime of the donor is probably the cause of this
difference.33
An increase in the lifetime of the excited state of the

carbazole fluorophore embedded in the atactic copolymer
(a-PMMA-C) in the mixture with unlabeled atactic
PMMA was observed with increasing concentration of
polymer in dioxane and DMF (for a-PMMA-C and
unlabeled PMMA in DMF at concentration 9.25 g/L and
185.00 g/L the lifetimes are 13.50 and 14.50 ns, respec-
tively). The increase in the concentration of a polymer
mixture in solution causes an increase in viscosity. This
results in a decreased mobility of the fluorophore and
consequently causes a decrease in the rate of radiation-
less transitions.
With increasing concentration of fluorophores in the

system a-PMMA-C/a-PMMA-A, the decrease in the
lifetime of the excited state of the donor in the presence
of the acceptor (τCA) becomes more pronounced. As-
suming a double exponential decay, the contribution of
the short lifetime component should increase with an
increasing concentration of fluorophores. The efficiency
of NET was characterized by the lifetimes obtained from
the best single exponential fit. To estimate the depen-
dence of the lifetimes of the carbazole fluorophore in the
absence of the acceptor on the polymer concentration,
unlabeled polymer was added to the system.
As previously shown by different experimental meth-

ods, stereocomplex formation between isotactic and
syndiotactic polymers occurs at a 1:2 ratio of i-PMMA/
s-PMMA.1,2 Therefore, the efficiency of NET was de-
termined at this ratio for the mixture of labeled isotactic
(i-PMMA-C) and syndiotactic (s-PMMA-A) polymers
(Table 3) and the corresponding labeled atactic polymers

a-PMMA-C and a-PMMA-A (Table 4). Fluorescence
measurements were carried out for solutions of low
optical density at right angle observation (excitation
wavelength 307 nm) and for high optical density solu-
tions from front-face illumination (excitation wavelength
292 nm). Emission of the carbazole fluorophore was
monitored at a wavelength of 360 nm. The same value
of E was found for excitation at 292 or 307 nm. The
lifetimes of the carbazole fluorophore under a nitrogen
atmosphere were in all cases longer than those under
air. Oxygen quenching of carbazole fluorescence in the
absence of the acceptor is proportional to oxygen quench-
ing of carbazole in the presence of the anthracene
fluorophore, so that the efficiency of NET is the same
in aerated and deaerated solutions.
Nonradiative energy transfer is more efficient for the

polymer mixture consisting of labeled stereoregular
polymers (Table 3) than in the mixture of atactic
polymers (Table 4). It should be noted that in both
copolymers, the donor fluorophore content is low, so that
their domains do not overlap and migration of the
excitation energy does not take place. As expected for
a mixture of noncomplexing atactic polymers, the ef-
ficiency of NET increases with increasing polymer
(fluorophore) concentration. On the other hand in
complexing solvents (DMF and dioxane) the efficiency
of NET for tactic PMMA is nearly independent of the
polymer concentration. The formation of the stereo-
complex at different concentrations of tactic PMMA fixes
a distance between the donor and acceptor fluorophores
within the complex and makes E insensitive to overall
polymer concentration. This is illustrated in Figure 3.
Another indication of stereocomplex formation is a

change in the IC/IA ratio with incubation time. The
decay IC/IA with time reflects the stereocomplex forma-
tion (Figure 4). This demonstrates that fluorescent
labels of i-PMMA and s-PMMA approach each other as
the complex is formed. Also, the figure shows qualita-
tively that the complex is formed faster in DMF than
in dioxane, as found by another method.1 Unfortu-
nately, the initial phase of stereocomplex formation is
too fast to be followed by our experimental method. For
the same reason the time dependence of the efficiency
of NET could not be evaluated using the average
lifetime of the excited state measurements. The initial
value of IC/IA before the stereocomplex is formed can be
obtained using atactic PMMAwith the same fluorophore
content in labeled polymers and comparable molecular
weights and overall concentration of polymers. It can
be estimated that ∼65% of the change in this ratio took
place before the first reading could be taken in the
solution containing the mixture of isotactic and syndio-
tactic PMMA. For chloroform, the IC/IA ratio is constant
since no stereocomplex is formed in that medium.

Table 3. Efficiency of Nonradiative Energy Transfer (E)
in Tactic Polymer System i-PMMA-C/s-PMMA-A in

Dimethylformamide and Dioxane (τC, τCA ) Lifetimes of
Carbazole Fluorophore in the Absence and Presence of
the Acceptor; CPOL ) Overall Polymer Concentration; CC,

CA ) Carbazole and Anthracene Concentrations)

CPOL
(g L-1)

104CC
(mol L-1)

104CA
(mol L-1)

τCA
(ns)

τC
(ns) E

Dimethylformamide
2.5 1.30 3.0 10.8 13.2 0.18
5.0 2.61 6.0 10.7 13.2 0.19
10.0 5.22 12.0 11.0 13.7 0.20

Dioxane
2.5 1.30 3.0 11.9 13.2 0.10
5.0 2.61 6.0 12.2 13.6 0.10
10.0 5.22 12.0 12.6 13.8 0.09

Table 4. Efficiency of Nonradiative Energy Transfer (E)
in Atactic Polymer System a-PMMA-C/a-PMMA-A in

Dimethylformamide and Dioxane (Symbols Are the Same
as in Table 3)

CPOL
(g L-1)

104CC
(mol L-1)

104CA
(mol L-1)

τCA
(ns)

τC
(ns) E

Dimethylformamide
4.071 1.30 3.0 12.1 12.6 0.04
8.143 2.61 6.0 11.9 12.5 0.05
16.286 5.20 12.0 11.2 13.0 0.14

Dioxane
4.071 1.30 3.0 12.8 13.2 0.03
8.143 2.61 6.0 12.7 13.4 0.05
16.286 5.20 12.0 12.0 13.2 0.09
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Micro-Brownian Relaxation of Poly(methyl meth-
acrylate)s in Solution. Generally, it is expected that
stereocomplex formation between i-PMMA and s-PMMA
will influence the mobility of a fluorophore either
situated in the side chain of the polymer molecule or
embedded in the polymer backbone.34 Comparison of
these data with data obtained for mixtures of atactic
poly(methyl methacrylate)s might supply additional
information on stereocomplex formation.
Fluorescence depolarization has been used to study

segmental relaxations of macromolecules in solution by

several researchers.35,36 Most studies on micro-Brown-
ian rotational motions have employed the less informa-
tive steady-state emission polarization.36
In the analysis of time-resolved decays of anisotropy,

one generally fits the observed values to a sum of
exponential decays (eq 5). To describe the time-resolved
decays of anisotropy, a biexponential fit is in most cases
satisfactory.

Figure 3. Efficiency of nonradiative energy transfer (E) as a
function of polymer concentration for atactic a-PMMA-C/a-
PMMA-A (9) and tactic i-PMMA-C/s-PMMA-A (b) polymer
systems in dimethylformamide.

Figure 4. Time dependence of IC/IA for labeled stereoregular
(b) and atactic (O) PMMA in chloroform (a) (CPOL ) 22 g L-1;
CC ) CA ) 5.0 × 10-4 M), dioxane (b), and dimethylformamide
(c) (in both solvents: CPOL ) 8.80 g L-1; CC ) CA ) 2.0 × 10-4

M).

Figure 5. Relative backbone geometries. Full arrows repre-
sent motions resulting in depolarization of emitted radiation.
Broken arrows represent motion that do not result in fluores-
cence depolarization.

Table 5. Rotational Correlation Times of the Carbazole
and Anthracene Fluorophore (Φ, Single Exponential Fit)
for Atactic Polymer Systems in Dimethylformamide and

Dioxane (CPOL ) 8.143 g L-1; CC ) 2.61 × 10-4 M;
CA ) 6.00 × 10-4 M)

Φ (ns)

polymer system fluorophore DMF dioxane

a-PMMA-C/a-PMMA carbazole 2.3 1.7
a-PMMA/a-PMMA-A anthracene 1.8 2.3

Figure 6. Time dependence of the emission anisotropy (r) for
a-PMMA/a-PMMA-A in dimethylformamide (CPOL ) 8.143 g
L-1, CA ) 6.00 × 10-4 M). Φ is the rotational correlation time
of the anthracene fluorophore, r∞ is the limiting anisotropy,
for G factor see eq 8, and B is the pre-exponential factor (see
eq 5).

Macromolecules, Vol. 30, No. 25, 1997 PMMA Stereocomplex Formation 7825



Consider a fluorophore bound to a synthetic polymer
molecule with the fluorophore undergoing motions that
reflect the position of the fluorophore in the polymer
molecule. Figure 5 shows the orientation of the label
with respect to the chain backbone for a copolymer of
methyl methacrylate with the (9-anthryl)methyl meth-
acrylate (s-PMMA-A). In s-PMMA-A, the transition
dipole corresponding to absorption and emission is not
oriented parallel to the bond of attachment to the chain.
Therefore, a motion independent of the chain should
produce depolarization in addition to that caused by the
mobility of the polymer segments.
It should be noted that the rotational diffusion of the

macromolecules as a whole is much slower than local
conformational transitions,37,38 and the depolarization
of fluorescence may be interpreted in terms of the
conformational mobility of the polymer chain segments

and the mobility of the side group with attached
fluorescence label.
The intramolecular motion in which a fluorophore

participates may then be expressed by39

where Φs and Φb are rotational correlation times of the
side chain of the polymer and polymer backbone seg-
ment, respectively. The time-resolved decays of aniso-
tropy for the mixture of noncomplexing atactic polymers
(Table 5, Figure 6) in different solvents can be assumed
to be monoexponential. Low values of the rotational
correlation times evaluated for the anthracene fluoro-
phore in the mixture of noncomplexing PMMA can be
assigned to the fast relaxation motion of the side chain
with attached anthracene fluorophore and segmental
relaxation of the polymer backbone. For comparison,
the rotational correlation time of low molecular weight
9,10-dimethylanthracene in chloroform is 0.4 ns.
A dramatic change in the time-resolved decay of

anisotropy was observed for mixtures of labeled tactic
PMMA (Table 6, Figures 7 and 8). The limiting ani-
sotropy (r∞) for both fluorophores is larger than zero.
Values larger than zero demonstrate steric hindrance
for rotation caused by stereocomplex formation. The
time-resolved decay curves are double-exponential for
solvents that support formation of the stereocomplex
(DMF and dioxane) and monoexponential for noncom-
plexing solvent (chloroform). The long rotational cor-
relation time (Φ1) demonstrates formation of the ster-
eocomplex. In the strongly complexing solvent DMF,

Table 6. Rotational Correlation Times of the Carbazole
and Anthracene Fluorophore (Φ1, Φ2 ) Double

Exponential Fit) for Tactic Polymer Systems in Different
Solvents (i/s ) 1/2; CPOL ) 5.00 g L-1; CC ) 2.61 × 10-4 M;

CA ) 6.00 × 10-4 M)

fluorophore Φ1 (ns) Φ2 (ns) rel B2 (%)

Dimethylformamide
carbazole 25.5 1.4 14
anthracene 11.9 2.0 32

Dioxane
carbazole 19.1 1.2 29
anthracene 7.3 1.6 50

Chloroform
carbazole 1.3
anthracene 1.1

Figure 7. Time dependence of the emission anisotropy (r) for
i-PMMA-C/s-PMMA in dimethylformamide (i/s ) 1/2, CPOL )
5.00 g L-1, CC ) 2.61 × 10-4 M). Φ1 and Φ2 are the rotational
correlation times of the carbazole fluorophore. For r∞, G, and
B, see Figure 6.

Figure 8. Time dependence of the emission anisotropy (r) for
i-PMMA/s-PMMA-A in dimethylformamide (i/s ) 1/2, CPOL )
5.0 g L-1, CA ) 2.61 × 10-4 M). For Φ1, Φ2, r∞, G, and B, see
Figures 6 and 7.

1
Φi

) 1
Φs

+ 1
Φb

(9)
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the rotational correlation times are longer than in the
weakly complexing solvent (dioxane) and the fractional
contribution (rel B2) of motion with shorter correlation
time is smaller in DMF than in dioxane. The long time
component of the relaxation process was found for both
fluorophores, i.e., in the mixtures of polymers i-PMMA-
C/s-PMMA and i-PMMA/s-PMMA-A. In the noncom-
plexing solvent, chloroform, no long time component has
been found. The formation of a stereocomplex brings
about a decrease in the mobility of the polymer seg-
ments and side chains of polymers producing the
increase in the rotational relaxation time.
The polymer with a label bound to the end of the side

chain containing the ester group, s-PMMA-A, yields a
correlation time in chloroform of 1.1 ns. Similar rota-
tional relaxation times as for the anthracene fluorophore
in the same solvent were observed for the carbazole
fluorophore in the side chains of tactic and atactic
polymers. The rotational correlation time of intramo-
lecular motion of associated polymer chains in the
stereocomplex containing i-PMMA-C was longer than
that containing s-PMMA-A. If we suppose that the
stereocomplex consists of a double-stranded helix40 in
which an i-chain is surrounded by a s-chain, the fact
that the anthracene label is more mobile than the
carbazole label may be due to the attachment of the
anthracene label on the outer s-chain of the stereocom-
plex. By comparison of values of intramolecular rota-
tional correlation times of polymer segments in stere-
ocomplexes (Table 6), those formed in dimethylformamide
are more compact than those formed in dioxane.

Conclusions
NET has been employed to investigate the formation

of a stereocomplex between isotactic and syndiotactic
PMMA. The efficiency of NET between the donor and
acceptor fluorophores embedded in the tactic PMMA
depends on the solvent. In the strongly complexing
solvent (DMF) the efficiency of NET is larger than that
in weakly complexing solvent (dioxane) and is nearly
independent of the polymer concentration. In mixtures
of the labeled atactic PMMA, the efficiency of NET
between fluorophores does not depend on solvent but
depends on polymer concentration in solution.
The time dependence of the ratio of fluorescence

intensity of the donor (carbazole) to the fluorescence
intensity of the acceptor (anthracene) clearly demon-
strates formation of a stereocomplex between labeled
isotactic and syndiotactic PMMA chains.
The increase in the rotational correlation times of the

carbazole and anthracene fluorophores embedded in
tactic polymers reflects the formation of a stereocomplex
in dimethylformamide and dioxane. The larger de-
crease in the mobility of the carbazole fluorophore
attached to isotactic polymers allows us to speculate
that an isotactic chain is surrounded by a syndiotactic
chain in the stereocomplex.
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