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ABSTRACT: Several spectroscopic properties of pyrene and its derivatives dissolved in polymer films were
examined to investigate the microstructure of polystyrene—poly(2-vinylpyridine) diblock copolymer. Both
the fluorescence vibronic structure (I;/13) and fluorescence lifetimes of several of these probes are quite useful
as indicators of the polarity of microdomains in the polymers. This finding was applied to study the
microstructure of the diblock copolymer film. The results indicate that PS and PVP chains of the copolymer
are not randomly mixed but are phase separated, as expected.

Introduction

Fluorescence techniques have been employed for over
twodecades to study microheterogeneous media.!”” Areas
of application range from surfactant micelles to polymer
blends. These experiments can be divided into two
classes: those involving fluorescent labels, i.e., the
fluorophore covalently bonded to one of the components;
and those involving fluorescent probes. In probe exper-
iments one adds a dye to the system which will both
selectively seek out one component of the system and also,
through its fluorescence, report on its environment.
Because labeling experiments commonly require difficult
syntheses of labeled components, probe experiments are
very attractive.

Aninteresting feature of fluorescent probe experiments
is that almost all such experiments have been limited to
water-containing media. Such techniques are widely
employed in systems involving micelles,!? lipid and
synthetic vesicles,34 inverse micelles,! microemulsions,!
and water-soluble polymers bearing hydrophobic substit-
uents.” These experiments are successful because it is
relatively easy to find dyes that partition selectively into
either organic or aqueous environments. It is not so
straightforward to find probes that partition selectively
into two nonaqueous environments. Selective dye ad-
sorption has been used to study silica gel surfaces.® One
can take advantage of ion-pairing interactions to study
ionomers in organic solvents.”

We are interested in the possibility that fluorescent
probe techniques can be developed to study phase-
separated systems composed of organic polymers. These
would include polymer blends and block copolymers. An
attractive long-range goal for such research is the deter-
mination of the critical micelle concentration (cme) for
block copolymers in polymer matrices, taking advantage
of the strong sensitivity of certain dyes to the onset of
phase separation.?® In this paper we report our first steps
in this direction, examining various derivatives of pyrene
as fluorescence probes in polystyrene (PS) and poly(2-
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vinylpyridine) (PVP) films as well as in films prepared
from a PS-PVP diblock copolymer. The structure of these
dyes is shown in Figure 1. These dyes have significantly
different fluorescence properties in PVP compared to PS.
We show how these differences can be analyzed in terms
of the partition of the dyes between the PS and PVP phases
in the block copolymer films. Pyrene derivatives bearing
an OH substituent hydrogen bond to PVP with sufficient
tenacity that they are found almost exclusively in the PVP
domains of the block copolymer.

Experimental Section

1. Synthesis and Characterization of PS, PVP, and PS-
PVP. The synthesis and characterization of the polystyrene—
poly(2-vinylpyridine) (PS-PVP) diblock copolymer are briefly
summarized below, and the details can be found in refs 10 and
11. Synthesis of the copolymer was performed in a solution of
tetrahydrofuran (THF) at ca. —55 °C via anionic polymerization
using cumylpotassium as the initiator. Following the reaction,
the copolymer was precipitated in a copious quantity of hexane
and then dried under a reduced pressure. The molecular weight
of the PS block was measured by size exclusion chromatography
(SEC) using a precursor removed from the reactor prior to the
polymerization of the second block, poly(2-vinylpyridine). The
molecular weight of PVP block was determined based on the
ratio of repeat monomer units of PVP to PS measured by NMR
and the molecular weight of PS precursor measured by SEC. In
this way, the molecular weights of the PS and PVP blocks were
determined to be 100K and 100K, respectively. Inaddition, SEC
was also utilized to ensure that a narrow molecular weight
distribution (Ms/M, = 1.1) of the resulting copolymer was
achieved. A PVP homopolymer with dispersity ~ 1.2 was
synthesized by similar procedures to those described above, and
the molecular weight was determined to be 300K by SEC using
PS standards as reference. A monodisperse PS homopolymer of
molecular weight 670K from Polysciences Inc. was used as
received.

2. Probe Molecules. Pyrene (Aldrich) was recrystallized from
ethanol; 4-(1-pyrenyl)butanoic acid (Aldrich) was used as received.
1-Pyrenemethanol was prepared by NaBH, reduction of 1-pyrene-
carboxaldehyde (Aldrich); 4-(1-pyrene)butanol was prepared by
reduction (LiAlH,) of pyrenebutanoic acid. 1-Pyrenemethyl
hexyl ether was prepared by treating pyrenemethanol in di-
methylformamide with NaH and subsequently adding an excess
of 1-bromohexane. The product (mp = 56 °C) was purified by
repeated recrystallization from ethanol. All probes showed only
a single spot by thin-layer chromatography.

3. Preparation of Polymer Films. For the fluorescence
experiments, a trace amount (approximately 100 ppm) of each
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Figure 1. Structures of the probes employed.

Table I
Relative Band Intensities I /I; of the Fluorescence Spectra
of Pyrene and Its Derivatives in Films of PS, PVP, and

PS-PVP
L/l
probe PS PVP PS-PVP Ri (%)
Py-H 105 149 1.10 29.6
Py-CH,OH 1.30 1.93 1.83 32.9
Py-CH;0CgH;5 1.08 1.40 1.15 22.8
Py-C{HsOH 3.17 3.49 3.48 9.2
Py-CsH,COOH 2.13 3.47 3.43 21.3

different fluorescence probe was added to a solution of one of the
polymers (PS, PVP,PS-PVP) in THF. These polymersolutions
were then used to cast films on glass slides for the fluorescence
measurements. The resulting films of thickness ~2 um were
dried in air over a 48-h period before fluorescence measurements
were made.

For transmission electron microscopic observation, a film of
the diblock copolymer with a thickness around 300 A was cast
on a NaCl crystal. The film was floated off onto the surface of
water and then picked up on a copper grid. Subsequently, the
resulting film on the copper grid was dried and then exposed to
iodine vapor at room temperature for 3 h to stain the PVP phase

4, Measurements. Fluorescence and fluorescence excitation
spectra were recorded on a Spex Fluorolog 2 spectrofluorometer
or a Hitachi F-4000 spectrofluorometer, with front-face config-
uration for detection. The excitation wavelength for fluorescence
spectraand emission wavelength for monitoring excitation spectra
were 335 and 400 nm, respectively, if not stated otherwise. Both
fluorescence and excitation spectra were corrected by a conven-
tional method with rhodamine B.

Fluorescence decay curves were measured with the picosecond
single-photon-timing technique. The samples were excited by
a synchronously pumped, cavity dumped dye laser (Coherent
701-3) equipped with a second-harmonic generator. The laser
dyes employed were rhodamine 6G or DCM. The fluorescence
emission was detected by a microchannel-plate detector
(Hamamatsu R1564U-01). The pulse width (fwhm) of an
instrumental response function of the scattered laser light was
100 ps. The decay curves were analyzed by using an iterative
nonlinear least-squares deconvolution program.

Results and Discussion

1. Vibronic Fine Structure of the Fluorescence
from the Probes in Polymers. Fluorescence spectra of
pyrene in PS, PVP, and PS-PVP are shown in Figure 2.
The assignment of each band has been well established.?®
Band I is the origin band of the S; — S, transition. As
S1(Bay) = So(Ap) transitions are forbidden due to the
selection rule on the configuration interaction for even
alternant hydrocarbons with Do, symmetry,'2 the origin
band can be only very weakly observed in the vapor phase.13
The relatively strong appearance of the origin band in
condensed phases is due to the perturbation by solvents.
The intensity of the origin band increases with increasing
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Figure 2. Fluorescence spectra of pyrene in the films of PS (—),
PVP (-), and PS-PVP (- - -). The spectra are normalized for
convenience at band ITI

polarity of the solvent (or environment). Alternatively,
the intensity of band III is almost independent of the
solvents. The band has been assigned as a by, vibration.
It has been shown that forbidden vibronic bands in
forbidden electronic transitions of a wide variety of organic
molecules show marked intensity enhancement by the
solvent perturbation.l41” This effect is especially con-
spicuous in the case of pyrene. Since the intensity of band
1is quite sensitive to the polarity of the solvent compared
to that of band III, the intensity ratio of the two bands,
which is denoted by I/ I3, has been widely used for probing
the structures of microheterogeneous systems such as
micelles, vesicles, Langmuir-Blodgett films, and poly-
electrolytes,! although there remain some unresolved issues
about the origin of the solvent intensification effect.®18-2

Here we use the intensity ratio I;/Is, to examine the
microstructure of PS-PVP films. Table I summarizes the
I/I values for the five probes in PS, PVP, and PS-PVP
films. Pyrene, 1-pyrenemethanol, 1-pyrenemethyl hexyl
ether, and 1-pyrenebutanoic acid show a drastic change
of I /I3 values on going from PS to PVP, whereas
1-pyrenebutanol does not. Forthe presentstudy the probe
should satisfy two conditions: (i) it shows a significant
change of the spectroscopic signal on going from PS to
PVP matrices and (ii) the partition of the probe between
PS and PVP phases is strongly biased to one phase. To
discuss point i quantitatively we define the extent of the
change of the I;/I; value, Ry, by

RI = 100[(II/I3)pvp - (Il/Is)ps]/(I1/Ia)pvp (1)

The larger the R; value, the better the probe. Thus we
can see that 1-pyrenebutanol is an inferior probe to the
others from the viewpoint of i. As foritem ii, we can assess
the suitability of each probe by comparing its I;/I5 value
in PS-PVP with that in PS and PVP. It is notable that
pyrene and 1-pyrenemethyl hexyl ether show similar I;/I3
values between PS-PVP and PS films, while 1-pyrene-
methanol, 1-pyrenebutanol, and 1-pyrenebutanoic acid
show similar I;/I3 values between PS-PVP and PVP films.
These results indicate that pyrene and 1-pyrenemethyl
hexyl ether are preferentially solubilized in the PS phase
of the PS-PVP film, while 1-pyrenemethanol, 1-pyrene-
butanol, and 1-pyrenebutanocic acid are segregated into
the PVP phase of the PS-PVP film. In conclusion, the
probes, except for 1-pyrenebutanol, satisfy both of the
two conditions and thus can be considered as candidates
of the probes for the present study.
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Figure 3. S; « S, fluorescence excitation spectra of pyrene in
the films of PS (—), PVP (-+), and PS-PVP (--.).

Table II
Location of the Origin Bands for S; < S; Transitions of
Pyrene and Its Derivatives in Films of PS, PVP, and

PS-PVP
wavelength (nm)
probe PS PVP PS-PVP
Py-H 3415 342.0 3415
Py-CH;0H 348.5 349.5 349.5
Py-CHz0C¢H;3 3475 348.0 347.5
Py-C{HsOH 349.0 350.0 350.0
Py-C3H,COOH 349.0 348.0 349.0

2. Band Shift of the S; < S; Transition Due to the
Effect of Polymer Matrices. Figure 3 shows the S; «
So fluorescence excitation spectra of pyrene in PS, PVP,
and PS-PVP polymer films. Since the films are not thick
enough to allow us to observe directly the S; < S
absorption, we observed the S; < Sy excitation spectra
instead. The resemblance of the excitation spectra in PS
or PVP to the S; < Sy absorption spectra in toluene or
pyridine supports our claim that either spectrum gives us
the same basic information. In Table II are listed the
positions of the origin bands for the S; < S, transitions
of pyrene and its family in the polymers. The band
positions for pyrene and 1-pyrenemethyl hexyl ether in
PS-PVP film are the same as those in PS film, whereas
the positions for the rest of the probes in PS-PVP film
are the same as those in PVP film. This suggests that
pyrene and 1-pyrenemethyl hexyl ether are located in the
PS phase of the PS-PVP film and the remaining deriv-
atives are concentrated in the PVP phase. However, the
spectral shifts are quite small for all the probes on going
from PS to PVP films and thus not suitable for quantitative
analysis of dye partitioning between the phases.

3. Fluorescence Lifetimes of the Probes in Poly-
mers. Representative fluorescence decay curves areshown
in Pigures 4. The decay curves do not show a single-
exponential profile even in the case of the pure PS or PVP
homopolymer. The nonexponential decay may be attrib-
uted to the presence of a distribution of sites for probe
molecules in the polymer environment. Since the probe
may have a different lifetime in each site, we could, in
principle, analyze the decay curve with a series of
exponentials whose number is the same as the number of
the sites or by means of some appropriate distribution
function. Here we are notso much interested in the details
of how the probe is solubilized in each polymer as we are
with the much larger decay rate differences of the probe
in PS vs PVP environments. Therefore, we use a sum of
three exponentials as a convenient way of parameterizing

Macromolecules, Vol. 25, No. 25, 1992

]
w
')

Residue Intensity

I I
427 823 1220 1816
Time (ns)

(b) T T < 204

w

5.2 T T T

Residue Intemsity
o

2 | L I
3! 427 823 1220 1616
Time (ns)

T L R1E

>~
+

~

0

c

cu

+

c

—

) ,

> 46 ' T :

-U

- _mm"_
0 -4.8 I I L

o 31 427 823 1220 1616
x Tima(ns)

Figure 4. Fluorescence decay curves of 1-pyrenemethanol in
the films of PS (a), PVP (b), and PS-PVP (¢).

Table III
Fluorescence Lifetimes of Pyrene and Its Derivatives in
Films of PS, PVP, and PS-PVP

mean lifetime (ns)

probe PS PVP PS-PVP Rr (%)
Py-H 278 235 262 18.5
Py-CH;OH 187 162 160 15.3
Py-CH;0CgH;3 205 185 200 10.6
Py-CHy;OH 155 130 131 19.2
Py-C3H,COOH 167 139 143 19.8

the I(t) decay profile. We do not ascribe theoretical
significance to the individual decay parameters but rather
use these parameters to calculate mean decay times ()

from the data.
(1) = Y Arl) Am, ©)

where A; and 7; denote the preexponential factor and the
lifetime of the ith component (i = 1-3). The results are
presented in Table III. All of the probes seem to show a
significant change in lifetime on going from PS to PVP
films. For the sake of quantitative discussion, we define
the extent of change of lifetime, Rt, by an equation similar
toeq 2:

Ry =100[(7)ps = (T)pvel/ (T)pvp @

Rt values obtained are presented in Table III, ranging
from 10 to 20%. These values seem to be large enough
to make the mean lifetime a useful probe of the structure
of the polymers.

All probes show a decrease in mean lifetime as they are
transferred from PS to PVP films. Part of this decrease
can be explained by a solvent effect on the S; — Sp
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¥ 3
Figure 5. TEM micrograph of an as-cast film of the diblock

copolymer stained with iodine (dark phase, PVP phase; bright
phase, PS phase).

transition of pyrene. As we stated, the S; — Sy transition
of pyrene is forbidden due to its high symmetry. When
this molecule is surrounded by solvent molecules, its
molecular orbitals will be distorted by the effect of the
field from its surroundings. The distortion of molecular
orbitals makes the S; — S; transition slightly allowed,
resulting in an increment of both the radiative decay rate
(i.e., the decrease of lifetime) and the intensity of the origin
band. Generally, the more polar solvent causes the larger
deformation of molecular orbitals of pyrene. Therefore,
the lifetime of pyrene is shorter in PVP than in PS
matrices. Thesame explanation can be given to the pyrene
derivatives.

Distortion of molecular orbitals will also be caused by
introducing substituents onto pyrene, explaining why the
lifetimes of the substituted pyrenes are shorter than that
of pyrene itself. The lifetime shift from pyrene is largest
in 1-pyrenebutanol (see Table III). When the electronic
transition becomes more allowed, the intensity of the origin
band becomes less affected by solvents. Itisfor thisreason
that the I;/I3 ratio of 1-pyrenebutanol is insensitive to the
polarity of the polymer environment in which it is dissolved
(see Table I).

An additional effect, which may in fact be dominant
here, is the role of the matrix in promoting radiationless
deactivation of the S; state of pyrene. This weak quench-
ing can occur through charge transfer interactions with
the medium. One can distinguish quenching effects from
symmetry effects through careful quantum yield mea-
surements.

4. Formation of the Associated Structures of PS
and PVP Chains in the Film of PS-PVP Diblock
Copolymer. PSand PVP are highly immiscible polymers,
characterized by a value of x ~ 0.1.1922 For the polymer
examined here, xN ~ 200, where N = 2000 is the total
degree of polymerization of the block copolymer. This
implies a strong driving force for the block copolymers in
bulk to undergo microphase separation. This view is
confirmed by transmission electron microscopy (Figure
5), where we see domains of PVP selectively stained by
iodine. The fluorescence probes also indicate that seg-
regated microphases exist in the system. This information
is most evident from those probes bearing OH group
substituents. For example, the I/I; ratios of 1-pyrene-
butanol and 1-pyrenebutanoic acid in the PS-PVP films
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Table IV
Calculated Partition Coefficients of Pyrene and Its
Derivatives between the PS and PVP Phases in PS-PVP
Diblock Copolymer

K
probe /I3 lifetime
Py-H 0.148 0.585
Py-CH,OH 5.17 ®
Py-CH20CgH 3 0.280 0.333
Py-C4HsOH 31.3 24.0
Py-C3H,COOH 17.5 5.54

are very close to those in PVP itself. The lifetimes of
1-pyrenemethanol and 1-pyrenebutanol in PS-PVP show
thesametrend. Weanticipate hydrogen bonding between
the OH group and a pyridine unit. The probe parameters
indicate that these pyridine units are located in domains
strongly resembling pure PVP.

5. Partitioning of the Probes between PS and PVP
Microdomains in PS-PVP Diblock Copolymer. Under
the condition that the PS and PVP chains in the PS-PVP
diblock copolymer are strongly segregated, we can express
the measured I;/I; and (7) values in forms of the amount
of probe in each phase of the film.

(I /Iygep = x(Iy/Iy)pyp + (1 — )1/ I3)pg (4)

(T)pcp = 2(7)pyp + (1 —x)(7)pg (5)

where x is the molar fraction of the probe in PVP domain.
The subscript BCP denotes the diblock copolymer; PS
and PVP denote PS and PVP domains in the copolymer,
respectively. From eq 4 and 5 we get

x = [(IllIs)BCP - (11/13);’5]/[(11/[3)1:\11: - (Ill’Is)ps] (6)

x= [(T)Bcp‘ (T)ps]f[(f)pvp‘ (ﬂps] )]

The partition coefficient, K, of the probe between the PS
and PVP microphases in the PS-PVP copolymer can be
calculated by

K = [probelpyp/[probelpg = x Vpg/(1 =) Vpyp  (8)

where Vpyp and Vps denote the total volumes of the PVP
and PS microphases, respectively. To calculate x and K
by eq 6-8 we assumed that (I;/I3)ps and (I1/Is)pvp or {(7)ps
and (7)pvp have the same values as those in the ho-
mopolymer (i.e., the valuesin Tables  and III). The values
of Vpsand Vpyp were estimated from the molecular weights
of the PS and PVP chains in the PS-PVP copolymer and
the densities of the respective homopolymers. The results
aresummarized in TableIV. If welook at 1-pyrenemethyl
hexyl ether and 1-pyrenebutanol, we can see that the
partition coefficients obtained from the I,/I3 values agree
well with those obtained from the lifetimes. This agree-
ment assures us of the reliability of the results. In the
cases of the other probes, the I;/I3 ratios and the lifetimes
give somewhat different values of K. However, the
partition coefficients obtained from two kinds of spec-
troscopic parameters show the same tendency for the
distribution of the probes in the PS-PVP diblock
copolymer: thatis, pyrene and 1-pyrenemethyl hexyl ether
preferentially reside in the PS phase, whereas 1-pyrene-
methanol, 1-pyrenebutanol, and 1-pyrenebutanoic acid
preferentially reside in the PVP phase.

Concluding Remarks

It has been shown that fluorescence techniques em-
ploying pyrene and its derivatives as fluorescent probes
have a significant potential for the study of the micro-
structure of PS-PVP diblock copolymer films. The
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advantage of the present technique comes from its high
sensitivity as well as the variety of the spectroscopic
parameters one can measure. The concentrations of the
probes needed for fluorescence techniques are orders of
magnitude lower than those for UV or IR absorption
spectroscopies. The high sensitivity makes it possible to
use probes at such low concentrations that the probe
molecules do not perturb the structure of the materials.

The next attempt for us will be to investigate the
associating behavior (micelle formation) of PS-PVP
diblock copolymers in PS homopolymer matrices.
Experiments,!12224 g5 well as general thermodynamic
considerations, suggest that PS-PVP copolymer forms
micelles in the PS matrix above a critical micelle con-
centration. To have a rapid method to detect the critical
micelle concentration and to follow the kinetics of micelle
formation in the melt are not only scientifically interesting
but also very important practically because such infor-
mation can become the basis for the design of polymer
alloys. Such an investigation is now in progress.
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