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ABSTRACT: The phase behavior and thermodynamic proper-
ties of mixtures of pyrene and model vinyl polymers with and
without aromatic side groups are investigated using differential
scanning calorimetry (DSC) measurements. The melting temper-
ature and associated heat of melting of the pyrene crystals in the
mixtures are utilized to extract the effective interaction parameters
χ and the composition of polymer-rich phases, respectively. The χ
of pyrene mixed with polymers with aromatic side groups
investigated in this study, polystyrene, poly(2-vinylpyridine), and
poly(3-vinylanisole), is less than 0.5 at the melting point of the
pyrene crystals, suggesting that pyrene and the polymers with aromatic sides groups are enthalpically compatible, likely due to
aromatic π−π interactions. In contrast, the χ of pyrene mixed with poly(1,4-isoprene) or poly(ethylene-alt-propylene) is larger
than 0.5. The DSC measurements also enable characterization of the composition of polymer-rich phases. Interestingly, the
polymers with aromatic side groups are found to have more pronounced miscibility with pyrene at symmetric compositions.

■ INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are planar organic
molecules made of benzene rings with shared ethylene groups.1

The fused aromatic ring structures delocalize the π-orbital
electrons in the PAHs, giving the hydrocarbon molecules high
thermal stability2 and desirable electrical3 and optical4 proper-
ties for diverse practical applications, including fluorescent dyes
and a variety of photonic devices.5−8 The delocalized π
electrons and unique planar structures impart strong self-
associations in PAHs, which have also been employed to design
and fabricate unique self-assembly materials.8,9 However, the
strong self-preference of PAHs often causes difficulties in
incorporating PAHs with other compounds.10

Alloying polymers and other functional compounds affords
unique opportunities to combine complementary physical and
chemical properties of polymers and other components.11,12

Although the macromolecular character of polymers inherently
imposes an entropic penalty in mixing with other compounds,13

judicious choice of functional groups with favorable enthalpic
associations between components has enabled the effective
mixing of polymers and other compounds. In this regard, the
phase behavior of polymers and solvent has been investigated
for practical applications and scientific interest.14−16 To
investigate the experimental phase behaviors of polymer
solutions, diverse characterization techniques, for example,
cloud point measurements, osmometry, neutron scattering, and
light scattering techniques, have been employed.17 The
experimentally observed phase behaviors have been incorpo-
rated with thermodynamic state functions, primarily based on
the Flory−Huggins theory, to understand the origin of the
phase states of the systems of interest.18,19 In this practice,

elucidation of the interaction parameter χ between polymers
and solvents has been the central task because χ describes the
macroscopic phase states of mixtures and the microscopic states
of polymer chains.20

In the Flory−Huggins theory, the Gibbs free energy of
mixing for a polymer−solvent system per mole of lattice sites is
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where ϕs and ϕp are the volume fractions of the solvent and
polymer, respectively, and ϕs + ϕp = 1; N is the number of
lattice sites occupied by a polymer chain, which is the degree of
polymerization based on the volume of a lattice site; R is the gas
constant; and T is the temperature. A solvent molecule is
assumed to occupy one lattice site. The first two terms on the
right side represent the combinatorial entropy of mixing,
−ΔSC/R = ϕs ln ϕs + (ϕp/N) ln ϕp. The last term, ϕsϕpχRT,
represents the free energy change during mixing due to two
contributions: enthalpic interactions between the polymer and
solvent and a noncombinatorial entropic term that is not
accounted for in ΔSC. The interaction parameter is often
expressed as a function of temperature and composition to
describe the enthalpic and noncombinatorial entropic con-
tributions:
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where A = A0 + A1ϕp represents the noncombinatorial entropic
contribution and B represents the enthalpic contribution to the
free energy of mixing.20,21 Thus, the change in the non-
combinatorial entropy of the system is ΔSNC/RT = −Aϕsϕp,
and the heat of mixing is ΔHmix/R = Bϕsϕp.

20

The noncombinatorial entropy (ΔSNC) accounts for the
entropic contributions to the free energy change during mixing,
except for the combinatorial entropy ΔSC, which involves
effects from the orientation of adjacent segments in the
polymer chains, the polymer chain conformation, the segment/
solvent packing, and the free volume change during
mixing.13,20,22,23 For example, in aqueous solutions of water-
soluble polymers, the ordering of water molecules via hydrogen
bond formation with polymer chains decreases the entropy of
water.22,24 In contrast, protein folding in water often increases
the entropy of solvents due to the reduction in the excluded
volume.25 In addition, polymer swelling in good solvents
decreases the entropy of the chains.13 Since χ contains ΔSNC
and ΔHmix, the determination of χ may reveal the
thermodynamic characteristics of mixing in the mixtures.
We investigated the phase behavior of binary mixtures of

model vinyl polymers and pyrene to quantify the effect of
aromatic groups on the thermodynamic properties of polymer
and PAH mixtures (Figure 1). The pyrene and polymer

mixtures form homogeneous solutions at elevated temperatures
but develop two phases, i.e., a polymer-rich phase and a pure
pyrene crystal phase, when the mixtures are cooled to below the
crystallization temperature of pyrene in the mixtures. Model
polymers with different aromatic side groups were chosen to
identify the varying degree of miscibility with pyrene.26

Polystyrene was selected as a reference polymer with neutral
aromatic side groups. Poly(2-vinylpyridine) has relatively
electron-deficient pyridine side groups due to the electron-
withdrawing nitrogen atom in the heterocyclic ring.27 In
contrast, poly(3-vinylanisole) has relatively electron-rich
aromatic rings because the methoxy group of anisole is electron
donating due to resonance effects.28 These polystyrene-
derivative polymers with a gradient of electron-rich to
electron-deficient aromatic rings were chosen to test the effects
of the characteristics of delocalized π electrons in the aromatic
side groups on the miscibility with pyrene. Polyisoprene and
poly(ethylene-alt-propylene) were selected as polymers with

nonaromatic side groups. Pyrene, one of the smallest PAHs, is
composed of four fused benzene rings and is widely utilized as a
fluorescent dye and in electronic devices.5,29 Because of its
technological importance and relatively low melting point
(Tm,PY = 154 °C, see Figure S1), pyrene was selected as the
model PAH in this study. Using differential scanning
calorimetry (DSC) measurements, we constructed phase
portraits of the pyrene and polymer mixtures, extracted the
χ’s of the model polymers and pyrene, and estimated the
chemical composition of the polymer-rich phase in the two-
phase states.20,30 The solubility parameters of pyrene and
model polymers from other studies and estimated from the χ’s
extracted in this study are listed in Table 1 (see below).

■ EXPERIMENTAL SECTION
Materials. Styrene (Acros) and 3-vinylanisole (Aldrich) were

purified twice over di-n-butylmagnesium and vacuum distilled. 2-
Vinylpyridine (Acros) was purified by passing the monomer through
activated basic alumina. Isoprene (Acros) was purified over n-
butyllithium twice and vacuum distilled. The purified monomers
were immediately used to synthesize the target polymers. sec-
Butyllithium (Acros) and pyrene (Alfa Aesar, 98%) were used as
received. Tetrahydrofuran (Sigma-Aldrich, HPLC grade) was purified
by passing through activated alumina pellets (BASF F-200).
Cyclohexane (Sigma-Aldrich, ACS grade) was purified by passing
through activated alumina (BASF F-200) and copper catalyst pellets
(BASF Q-5). Nickel(II) 2-ethylhexanoate (Aldrich, 0.1 M solution in
2-ethylhexanoic acid) and triethylaluminum (Aldrich, 1 M solution in
hexane) were used as received for catalyst preparation for hydro-
genation.

Polymerization. All polymers used in this study were prepared by
standard high-vacuum anionic polymerization techniques.44 Polystyr-
ene and polyisoprene were polymerized in cyclohexane at 40 °C.45

Poly(2-vinylpyridine) and poly(3-vinylanisole) were polymerized in
tetrahydrofuran at −78 °C.46,47 sec-Butyllithium was used as the
initiator in the synthesis of all polymers. Poly(ethylene-alt-propylene)
was prepared by the hydrogenation of polyisoprene in cyclohexane at
77 °C and 600 psi for 24 h using a Ni−Al catalyst.48 Complete
hydrogenation of the double bonds of the polyisoprene precursor
polymer was confirmed by 1H NMR spectroscopy.

Polymer Characterization. The molecular weight and poly-
dispersity of the synthesized polymers were determined by size
exclusion chromatography (SEC, Agilent). Three consecutive PLGel
Mixed-C columns were used as the stationary phase, and

Figure 1. Molecular structures of pyrene and the polymers employed
in this study.

Table 1. Solubility Parameters of Pyrene and Model
Polymers from Other Studies

solubility parameter (MPa1/2)

compound literaturea this studyb

pyrene 23.6 ± 1.7 21.7c

polystyrene 18.5 ± 0.4 18.8 ± 0.5
poly(2-vinylpyridine) 21.5 ± 0.4 19.6 ± 1.0
poly(3-vinylanisole) 20.1 ± 0.1 19.1 ± 0.5
poly(1,4-isoprene) 16.5 ± 0.3 17.8 ± 0.4
poly(ethylene-alt-propylene) 15.9 ± 0.1 17.6 ± 0.5

aSolubility parameters of the model polymers reported in the other
studies. The reported parameters are averaged and their standard
deviations are noted. The solubility parameters are from the following
references: pyrene,31−34 polystyrene,35,36 poly(2-vinylpyridine),37−39

poly(3-vinylanisole),40,41 polyisoprene,35,36 and poly(ethylene-alt-
propylene).42,43 bSolubility parameters extracted from the experimen-
tally determined χ in this study. cThe solubility parameter of pyrene is
assumed to be the 21.7 MPa1/2 for extraction of the solubility
parameters of polymers.33
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tetrahydrofuran (30 °C) or N,N-dimethylformamide (45 °C) at a flow
rate of 1 mL/min was used as the mobile phase. Chromatograms were
recorded using a refractive index detector. The chemical composition
and molecular weight were determined by 1H NMR spectroscopy
(Bruker 800 MHz spectrometer).
Sample Preparation for Calorimetric Measurements. Samples

employed for calorimetric characterizations were prepared as follows.
Polymer and pyrene solutions in dichloromethane were dried at room
temperature. The dried polymer and pyrene mixtures were
homogenized at 165 °C for 10 min and then rapidly quenched in
liquid nitrogen. This process produced well-dispersed mixtures of
pyrene crystals and polymer-rich phases. The homogeneity of the
quenched samples was confirmed by the 1H NMR analysis of
specimens sampled from different parts of the quenched mixtures.
Calorimetric Measurements. Thermal characterization of the

polymer and pyrene mixtures was conducted using DSC (Q2000 TA
Instruments) with the following procedure: a sample contained in a
hermetic aluminum pan was heated to 200 °C for 20 min, cooled to 85
°C, annealed for 5 h to saturate the pyrene crystal domains, cooled to
−50 °C, and heated again. On the final heating, the melting point and
associated melting energy of the pyrene crystals in the mixture were
determined. The end point of the melting peak was taken as the
melting temperature of the pyrene crystals (see Figure S1 for an
example). The polyisoprene samples were heated to 170 °C instead of
200 °C to minimize the thermal degradation of polyisoprene.49

Wide-Angle X-ray Scattering. Wide-angle X-ray scattering
(WAXS) experiments were conducted at the 11-BM, 12-ID-B, and
5-ID beamlines at the Advanced Photon Source at Argonne National
Laboratory. Mixtures of pyrene and polymers contained in sealed
ampules were heated and homogenized at 165 °C, annealed at 85 °C
for at least 5 h, and quenched to room temperature. The polymer and
pyrene mixtures were powdered using an agate mortar and pestle and
contained quartz (Charles-Supper) or Kapton capillaries for the X-ray
scattering experiments. The unit cell parameters of the pyrene crystals
were extracted using the “FOX” software50 and the Rietveld powder
pattern simulation function of the X’Pert High Score software
(PANalytical).

■ RESULTS AND DISCUSSION

Table 2 lists the molecular characterization data of the
polymers employed in this study. All polymers have number-
averaged molecular weights from 16 to 25 kg/mol, and their
molecular weight distributions are monomodal with poly-
dispersity Đ < 1.15.

Figure 2 shows the DSC thermograms obtained from the
final heating of the polymer and pyrene mixtures, which were
cooled to 85 °C, annealed at 85 °C for 5 h, and cooled to −50
°C before the final heating. The annealing temperature of 85
°C was chosen because it is higher than the glass transition
temperatures of the mixtures (down arrows in Figure 2) and
low enough to induce pyrene crystallization in all the mixtures.
In the heating curves, polymer mixtures containing more than
20 wt % pyrene showed endothermic peaks for the melting of
pyrene crystals. The end points of the melting peaks were taken
as the melting temperatures of the pyrene crystals and the
binodal points between the single-phase mixtures and the two
phase states of pyrene crystal and polymer solution. To identify
binodal points by thermal scanning, material systems can be
cooled or heated to detect phase separation or the mixing of
phase-separated domains, but nucleation barriers can be
encountered in both directions, which makes the precise
identification of binodal points difficult. However, the
homogenization of phase-separated states is known to
experience weaker nucleation barriers because grain boundaries
and domain surfaces act as nucleates for the fast initiation of
homogenization processes.56 Thus, we considered the melting
temperatures of the pyrene crystals to be the binodal points of
the polymer and pyrene mixtures. The melting temperatures
were determined by DSC measurements at least three times to
confirm the reproducibility. The melting temperatures of the
pyrene crystals were found to be consistent within ±1 °C at
different heating rates. The heating rate of 10 °C/min was
chosen to quantify the energy associated with the melting of the
pyrene crystals. In all mixtures, the melting temperature of the
pyrene crystals increased as the weight fraction of pyrene in the
mixture increased.
The one-dimensional X-ray scattering patterns obtained from

selected polymer and pyrene mixtures showed Bragg peaks
(Figure S2), but the relative intensities of the Bragg peaks
varied between samples due to the large grain size of the pyrene
crystals, as indicated by the strong Bragg spots on the two-
dimensional X-ray scattering patterns in Figure S3. Indexing by
the ab initio method and Rietveld powder pattern simulations
confirmed that the Bragg peaks represent a monoclinic crystal
symmetry P21/a (space group no. 14) with lattice parameters a
= 13.5 Å, b = 9.16 Å, c = 8.36 Å, and β = 100.4°, which is
consistent with the known symmetry and lattice parameters of
pyrene crystals at ambient pressure and temperature (Figure
S4).57,58 The scattering patterns obtained from the polymer
and pyrene mixtures at 175 °C > Tm,PY show a broad featureless
peak, which confirms that the pyrene molecules are in the
molten state (Figure S5).
Figure 3 presents the phase portrait of the pyrene and

polymer mixtures, and Table 3 summarizes the melting
temperature and the associated exothermic energy of the
pyrene crystals, obtained from the DSC thermograms in Figure
2. The melting temperatures of the pyrene crystals in mixtures
with the same composition decrease in the order of
poly(ethylene-alt-propylene), polyisoprene, polystyrene, poly-
(3-vinylanisole), and poly(2-vinylpyridine) (Figure 3 and Table
3). We extracted the effective interaction parameters (χ) of the
polymer and pyrene mixtures using the melting temperature of
the pyrene crystals.13,20,30 As pyrene crystals in a mixture melt,
two thermodynamic events occur: solid pyrene crystals become
liquid, and the liquid pyrene molecules mix with the polymer
chains. The chemical potential involved in the melting of
pyrene crystals to a pure liquid state is

Table 2. Polymer Characterization Data

polymer Mn
a (kg/mol) Đb ρc (g/cm3) Nd

polystyrene 23.4e 1.13 1.04 159
poly(2-vinylpyridine) 20.3f 1.02 1.12 166
poly(3-vinylanisole) 16.1f 1.10 1.10 110
polyisoprene 24.6g 1.07 0.91 180
poly(ethylene-alt-propylene) 25.5h 1.09 0.856 187

aNumber-averaged molecular weight. bThe polydispersity indices were
determined by SEC. cDensity at 25 °C.36,51−53 dDegree of
polymerization based on the molar volume of crystalline pyrene
(159 cm3/mol).54 eThe molecular weight of polystyrene was
determined by SEC using polystyrene standards. fThe molecular
weights of poly(2-vinylpyridine) and poly(3-vinylanisole) were
determined by end-group analysis of their 1H NMR spectra. gThe
molecular weight of polyisoprene was determined by the Mark−
Houwink parameters (a = 0.731 and k = 15.7 × 10−5 dL/g).55

Polyisoprene is composed of 94% 1,4-configuration and 6% 3,4-
configuration. hThe molecular weight of poly(ethylene-alt-propylene)
was determined by stoichiometric calculations based on 100%
hydrogenation (confirmed by 1H NMR) of poly(1,4-isoprene) with
a molecular weight of 24.8 kg/mol.
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where μl,PY and μc,PY are the chemical potentials of pure liquid
pyrene and crystalline pyrene, respectively; ΔHm,PY(mix) and
ΔSm,PY(mix) are the changes in enthalpy and entropy,
respectively, associated with pyrene melting; and Tm is the
melting temperature of pyrene crystals in a mixture. In eq 3,
ΔSm,PY(mix)/ΔHm,PY(mix) is assumed to be independent of the

melting temperature of the pyrene crystals, and ΔSm,PY(mix)/
ΔHm,PY(mix) = ΔSm,PY/ΔHm,PY = 1/Tm,PY, where ΔHm,PY and
ΔSm,PY are the enthalpy and entropy of pure pyrene at the
melting temperature of pure pyrene crystals, Tm,PY.

30 Thus, the
difference in the chemical potentials becomes a function of Tm

on the right side of eq 3. ΔHm,PY = 86 J/g and ΔHm,PY = 427 K
were experimentally determined from the DSC characterization
of pure pyrene crystals, and these quantities are consistent with
the values reported elsewhere (Figure S1).54 The change in the
chemical potential involved in the mixing of liquid pyrene and
polymer is

Figure 2. DSC thermograms of mixtures of pyrene and (a) polystyrene, (b) poly(2-vinylpyridine), (c) poly(3-vinylanisole), (d) polyisoprene, and
(e) poly(ethylene-alt-propylene). The heat flows are represented in the “endo-up” form. The red arrows indicate the melting temperatures of the
pyrene crystals, and the black arrows indicate the glass transition temperatures. The weight percent of pyrene in the mixtures and the magnification
factors are noted next to the thermograms. The thermograms are shifted for clearer representation. The shift factor is given at the bottom right of
each thermogram.
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where μl,PY(mix) is the chemical potential of pyrene in a polymer
and pyrene solution.20 As pyrene crystals in a polymer mixture
melt, the chemical potentials of pyrene molecules in their
crystalline and mixed states are identical, i.e., μl,PY(mix) = μc,PY.
Thus, combining eqs 3 and 4 gives
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Equation 5 extracts the effective interaction parameter χ
between pyrene and the polymer at a given composition using
the melting temperature of pyrene crystals in the polymer
mixture.
The extracted χ’s from the polymer and pyrene mixtures are

presented in Figure 4. The χ’s between pyrene and the
polymers without aromatic groups, i.e., polyisoprene and
poly(ethylene-alt-propylene), are larger than the critical
interaction parameter of miscibility, χc = 0.5(1/N + 2/N1/2 +
1) ≈ 0.58. In contrast, the effective interaction parameters
between pyrene and the polymers with aromatic side groups,
χPAr< 0.5, indicate that these polymers are more miscible with
pyrene than polyisoprene or poly(ethylene-alt-propylene).

Although the χ’s between pyrene and the polymers without
aromatic side groups are higher than the critical interaction
parameter, the mixtures did not show any sign of liquid−liquid
phase separation at temperatures higher than the melting point
of the pyrene crystals.
The interaction parameter constants based on eq 2 are

summarized in Table 4. The Flory−Huggins theory defines the
interaction parameter to be linearly proportional to the inverse
temperature T−1.13 However, the effective interaction param-
eters for the mixtures of pyrene and polymers with aromatic
side groups (χPAr) exhibit nonlinear increases with T−1 (Figure
4). Rather, χPAr is linearly proportional to the polymer volume
fraction up to ϕp = 0.6. The linear dependence of χPAr suggests
that the microscopic states of mixing between pyrene and the
polymer segments vary depending on the mixture composition,
and significant noncombinatorial entropy contributions are
present in the mixing of pyrene and polymers with aromatic
side groups.59 The effective interaction parameters of
polyisoprene (χPI) and poly(ethylene-alt-propylene) (χPEP)
also increase with T−1 and ϕp over the entire temperature
and composition range investigated, and χPI and χPEP also
increase linearly with ϕp. χPAr is asymptotic at high T−1 and ϕp,
but χPI and χPEP are divergent. These differences in the
characteristics of χ indicate a qualitative difference in the
interaction between pyrene and polymers with and without
aromatic side groups. However, the steady increase in χ
between pyrene and all model polymers with T−1 suggests that
these binary pairs are upper critical solution temperature
(UCST) systems, as shown in Figure 3.60

All the interaction parameters between pyrene and the
polymers with aromatic side groups (χPAr) are less than 0.5, and
the enthalpic contribution to χPAr(B) is negative. Thus, the
polymers with aromatic side groups appear to be enthalpically
compatible with pyrene, perhaps due to the aromatic (π−π)
interactions.26,61 However, the noncombinatorial entropic
contribution to χPAr(A) is positive, and thus, an entropic
penalty occurs during mixing, likely due to (i) an increase in the
polymer chain dimensions13 and (ii) the restructuring of pyrene
molecules around the polymer segments, leading to an increase
in the degree of order and a decrease in the free volume of
pyrene, which are also observed in polymer solutions with
solvents that interact favorably with the polymers.22,24 The
degree of the melting temperature depression and the
interaction parameter suggests that poly(2-vinylpyridine) is
the most enthalpically compatible with pyrene among the
polymers with aromatic side groups investigated in this study,

Figure 3. Phase portraits of binary mixtures of pyrene and model
polymers.

Table 3. Melting Temperature and Associated Energy Change Characterized by DSC

polystyrene poly(2-vinylpyridine) poly(3-vinylanisole) polyisoprene poly(ethylene-alt-propylene)

ϕp
a Tm (°C) ΔEb (J/g) ϕp

a Tm (°C) ΔEb (J/g) ϕp
a Tm (°C) ΔEb (J/g) ϕp

a Tm (°C) ΔEb (J/g) ϕp
a Tm (°C) ΔEb (J/g)

0.23 152 65 0.21 151 62 0.22 150 60 0.32 152 56 0.27 146 66
0.34 150 53 0.31 148 53 0.33 148 51 0.33 152 55 0.46 150 49
0.44 147 40 0.40 145 42 0.41 146 40 0.38 151 51 0.50 151 45
0.55 143 25 0.48 141 31 0.54 140 22 0.48 150 43 0.60 153 37
0.65 137 18 0.61 136 22 0.63 135 15 0.54 146 37 0.69 153 29
0.73 129 11 0.70 127 13 0.73 124 10 0.61 144 31 0.78 153 21

0.63 143 29
0.68 143 24
0.76 138 16
0.81 136 10

aVolume fraction of the polymer. bEnergy change per gram of binary mixture.
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and polystyrene is the least compatible (Figure 4). The
magnitudes of the B parameters in Table 4 are also consistent
with the order of melting point depressions and the magnitude
of the dipole moments of the aromatic side groups. The dipole
moment of pyridine is 2.2 D, and that of anisole is 1.26 D.62,63

Benzene, the side group of polystyrene, has zero dipole
moment due to its symmetry. This trend suggests that the
degree of miscibility between aromatic functional groups is
likely due to the strength of the dipole moments of molecular

motifs rather than the characteristics of delocalized π electrons
in the aromatic groups.
We extracted the solubility parameters of polymers using the

interaction parameters determined by the melting temperatures
of pyrene crystals using the following relationship:13

χ δ δ= −
V

RT
( )m,PY

PY p
2

(6)

where Vm,PY = 159 cm3/mol, which is the molar volume of
pyrene in its crystalline form;54 and δPY and δP are the solubility
parameters of pyrene and the polymer, respectively. In the
extraction of the solubility parameters of polymers, the
solubility parameter of pyrene is assumed to be 21.7
MPa1/2.33 Table 1 lists the extracted δP values, and the
solubility parameters reasonably agree with the values reported
in other studies.
Figure 5 shows the ratio between noncombinatorial entropy

and enthalpy contributions A/(B/T) in the interaction
parameters as a function of ϕp and T−1. For mixtures of
pyrene and the polymers with aromatic side groups, A/(B/T)
increases linearly up to ϕp ≈ 0.6 (Figure 5a). Considering that
χ represents thermodynamic contributions from noncombina-

Figure 4. Effective interaction parameters (χ) between pyrene and model polymers depending on (a) the volume fraction of the polymer ϕp and (b)
the inverse melting temperature of pyrene T−1. The dashed lines represent the interaction parameter functions from eq 2.

Table 4. Constants for the Effective Interaction Parameters
of Polymer and Pyrene Mixtures Based on Eq 2, χ = A0 +
A1ϕp + B/T

polymer A0 A1 Range of Aa B (K)

polystyrene 1.3 0.7 1.3 to 2.0 −527
poly(2-vinylpyridine) 4.0 1.6 4.0 to 5.6 −1872
poly(3-vinylanisole) 3.7 1.6 3.7 to 5.3 −1750
polyisoprene −15.6 −0.4 −16.0 to −15.6 6922
poly(ethylene-alt-
propylene)

−6.0 0.8 −6.0 to −5.2 2665

aA = A0 + A1ϕp, where 0 < ϕp < 1.

Figure 5. Ratio between noncombinatorial entropy and enthalpy contributions in the interaction parameters as a function of (a) polymer volume
fraction ϕp and (b) inverse temperature (T−1). The dashed lines are to guide the eye.
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torial entropy and enthalpy per lattice site, the increasing A/(B/
T) of χPAr indicates that the noncombinatorial entropy penalty
of mixing increases as the amount of polymer increases in the
mixtures. This suggests that this entropic penalty originates
primarily from polymer chain swelling and the limited freedom
of polymer segmental motions due to interactions between
pyrene and the polymer chains. The asymptotic behavior of the
A/(B/T) of χPAr at ϕp > 0.6 also supports this interpretation
because the degree of pyrene and polymer interactions
saturates and diminishes as the polymer volume fraction
increases.
The negative A parameters in χPI and χPEP indicate that

noncombinatorial entropy promotes mixing of the polymer and
pyrene (Table 4), but the large enthalpic penalty, as indicated
by the relatively small A/(B/T) ratios, makes polyisoprene and
poly(ethylene-alt-propylene) largely incompatible with pyrene.
The most remarkable advantage of using the DSC for the

characterization of the thermodynamic properties of mixtures
containing a crystallizable component is that the compositions
of noncrystalline phases can be extracted from the endothermic
heat by melting of the crystals. The DSC thermograms of the
polymer and pyrene mixtures annealed at 85 °C are shown in
Figure 2, and thus, the amount of pyrene crystals indicated by
the endothermic peaks practically represents the phase state of
the polymer and pyrene mixtures at this annealing temperature.
This reasoning is supported by the observation that the
endothermic peaks of the mixtures with low pyrene contents
(30−40 wt %) start at approximately 85 °C (Figure 2). The
relatively broad melting peaks in these low-pyrene-content
mixtures are likely due to the broad size distribution of pyrene
crystal grains, and the melting points are lowered due to the
interfacial tension between the pyrene crystals and the polymer-
rich phase.64 This reasoning is also qualitatively supported by
the 2D WAXS patterns of the polymer and pyrene mixtures
(Figure S3). The 2D WAXS patterns obtained from the
mixtures containing 30 wt % pyrene present patterns similar to
those of powder samples, indicating that the pyrene crystallites
are relatively small compared to the pyrene crystals in the 70 wt
% pyrene sample. The latter sample produced the WAXS
patterns with relatively smaller number of Bragg spots, but the
intensities of Bragg spots are much stronger due to larger
pyrene crystallites.

We utilized the energy associated with the pyrene melting
peaks to quantify the composition of the polymer-rich phase
that coexists with the pure pyrene crystals. The endotherm
energy (ΔE in Table 3) is the energy per gram of mixtures by
(i) the enthalpy of melting of pyrene crystals in the mixture
(ΔHm,PY(mix)) and (ii) the energy of mixing of the molten
pyrene and polymer. The energy of mixing can be calculated
using the ΔGmix defined by eq 1. Since ΔGmix by eq 1 is per
mole of lattice sites, the energy of mixing per mass of polymer
and pyrene mixture is ΔGmix/MPY where MPY = 202.25 g/mol is
the molar mass of pyrene since the lattice site in this study is
assumed for a pyrene molecule. The energy of mixing is the
change of ΔGmix/MPY from 85 °C to Tm. The energy of mixing
at 85 °C is (1 − wPY fc)ΔGmix(85 °C)/MPY, where wPY is the
weight fraction of pyrene and fc is the pyrene crystallinity in the
mixture. The wPY fc term represent the amount of pyrene
crystals, which does not contribute to the energy of mixing.
Also, the ΔGmix(85 °C) should be evaluated based on the
composition of the polymer-rich phase (see below). The energy
of mixing ΔGmix/MPY at Tm is evaluated by the overall
composition of mixture. Thus

Δ = Δ +
Δ − − Δ °

E H
G T w f G

M

( ) (1 ) (85 C)
m,PY(mix)

mix m PY c mix

PY
(7)

Equation 7 extracts ΔHm,PY(mix), which is used to calculate the
crystallinity of pyrene in the mixture fc = ΔHm,PY(mix)/
(wPYΔHm,PY) where ΔHm,PY = 86 J/g. The volume fraction of
pyrene in the polymer-rich phase relative to the total volume of
the mixture is calculated based on that the coexisting crystalline
phases are pure pyrene:

ϕ ϕ= − −f(1 )(1 )PY,polymer c p (8)

fc can also be used to determine the volume fraction of molten
pyrene relative to the volume of the polymer-rich phase:

ϕ
ϕ

ϕ
* =

− −

− −

f

f

(1 )(1 )

1 (1 )PY,polymer
c p

p c (9)

As noted above, the ΔGmix(85 °C) should be calculated with
ϕPY,polymer* and the volume fraction of polymer in the polymer-
rich phase ϕp* = 1 − ϕPY,polymer* . Equations 7−9 are combined,
and ϕPY,polymer and ϕPY,polymer* are numerically determined.

Figure 6. Pyrene compositions in the two-phase states at 85 °C based on the heat of melting of the pyrene crystal. (a) Volume fractions of pyrene
dissolved in the polymer-rich phase relative to the total volume of the mixture ϕPY,polymer. (b) Volume fraction of pyrene in the polymer-rich phase
ϕPY,polymer* .
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The extracted ϕPY,polymer shows a clear difference depending
on the class of polymer, i.e., with or without aromatic side
groups (Figure 6a). The polymers with aromatic side groups
have more pronounced solubility of pyrene in the polymer
phase at symmetric mixture compositions as indicated by
ϕPY,polymer. The amount of favorable enthalpic interactions
between pyrene and the polymers with aromatic side groups are
maximized at symmetric compositions. This enhanced
miscibility is also clearly observed in the plot of ϕPY,polymer*
(Figure 6b). In contrast, the ϕPY,polymer* of polyisoprene and
poly(ethylene-alt-propylene) monotonically decreases with ϕp
and are smaller than those of the polymers with aromatic side
groups, which is consistent with the nonassociating interactions
between pyrene and polyisoprene and poly(ethylene-alt-
propylene).
Figure 7 summarizes the ratio of pyrene in crystalline and

molten states denoted by K. The steep decrease of K of the

mixtures of pyrene and polymers with aromatic side groups
over ϕp is also attributed to the favorable interactions between
pyrene and the polymers because more polymer in the system
means more sites for favorable interactions. In contrast, the K
of the poly(1,4-isoprene) and poly(ethylene-alt-propylene)
mixtures are relatively invariant over ϕp due to the large
enthalpic incompatibility of these polymers with pyrene.

■ SUMMARY AND CONCLUSIONS
We investigated the phase behaviors of mixtures of pyrene and
model polymers with and without aromatic side groups using
DSC measurements. The pyrene and polymer mixtures showed
two-phase systems consisting of a polymer-rich phase and a
pure pyrene crystal phase. Using the Flory−Huggins theory, we
extracted the effective interaction parameters between pyrene
and the model polymers. The interaction parameters between
pyrene and the polymers with aromatic side groups were
smaller than 0.5 and had favorable enthalpic interactions for
mixing likely due to the π−π interactions between the aromatic
groups. In contrast, the interaction parameters between pyrene
and poly(1,4-isoprene) or poly(ethylene-alt-propylene) are
larger than 0.5, though these mixtures formed homogeneous
solutions at elevated temperatures upon the melting of pyrene.
The DSC characterizations also enabled to measure the
composition of the polymer-rich phases. Remarkably, the

polymers with aromatic side groups had enhanced miscibility
with pyrene at symmetric compositions, likely due to the
maximization of enthalpically favorable interactions. This study
demonstrates that the DSC technique can be effectively utilized
to characterize and measure the phase behavior, thermody-
namic properties, and compositions of mixtures with a
crystallizable component. The thermodynamic information
regarding pyrene and the model polymers gained from this
study will be useful for the rational design of polymeric
materials incorporating PAHs to obtain target properties and
material states;65,66 for example, tuning the state of asphaltenes
with large PAH motifs in crude oils may be achieved using
judiciously designed polymeric materials.67
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K.; Moreton, B.; White, T. W.; Partridge, C.; Costantini, G.; Shmeliov,
A.; Shannon, M.; Nicolosi, V.; Coleman, J. N. High Quality
Dispersions of Hexabenzocoronene in Organic Solvents. J. Am.
Chem. Soc. 2012, 134 (29), 12168−12179.
(11) Rodríguez-Delgado, M. M.; Alemań-Nava, G. S.; Rodríguez-
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