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ABSTRACT: A detailed and systematic investigation of mechanochromic, melt-processed blends between a series
of polyethylenes (PE) with crystallinities ranging from 9 to 66% and two excimer-forming, photoluminescent
oligo(phenylenevinylene) dyes is described. A dramatic increase in the nucleation rate of dye aggregates, and
therewith a decrease in the size of the aggregates, is observed upon grafting long alkyl tails onto the chromophore.
The extent of color change observed upon deformation of these materials, and thus the ability of the polymer
host to break up dye aggregates upon deformation, is related to the plastic deformation process of PE crystallitess
specifically those arranged in a lamellar morphologysand increases with increasing polymer crystallinity, decreasing
dye aggregate size, and decreasing rates of deformation.

Introduction

We recently reported on a new class of “self-assessing”
polymers with built-in deformation sensors.1-5 These materials
are produced by incorporating trace amounts of excimer-
forming,6,7 photoluminescent (PL) chromophores into ductile
host polymers via conventional melt-processing techniques. Our
design relies on the initial formation of nanoscale aggregates
of the sensor molecules in the polymer matrix and exploits
deformation-induced transformation of the nanophase-separated
systems into molecular mixtures, concomitant with a pronounced
shift from excimer- to monomer-dominated emission.8 The
excimer-forming dyes employed in our ongoing studies are
cyano-substituted oligo(p-phenylenevinylene) derivatives (cy-
ano-OPVs, Figure 1).3,9 These chromophores are particularly
attractive for mechanochromic sensing since they often exhibit
a strong tendency toward excimer formation, and the fluores-
cence maxima of their molecular solutions (monomer emission)
and aggregates (excimer emission) display exceedingly large
differences of up to 140 nm.9-18 In addition, their optical
characteristics and solubility in different host polymers are
readily controlled by the composition and architecture of the
substituents attached to the aromatic rings.3,9 Our previous work
in this area involved both physical mixtures of the sensor dyes
with ductile semicrystalline1-3,5 and glassy amorphous materials3

as well as copolymers in which the dye moieties are covalently
incorporated into the backbone of thermoplastic polyurethane
elastomers in which the sensing effect could be exploited in
the rubbery amorphous state.4 Recently, we further extended
the sensing concepts to include dyes that change their absorption,
rather than PL emission, color.5

During our initial studies2 we investigated mechanochromic
blends formed by the incorporation of 1,4-bis(R-cyano-4-
methoxystyryl)-2,5-dimethoxybenzene9 (C1-RG, Figure 1) into
a linear low-density polyethylene (LLDPE) of moderately high
density (0.94 g cm-3). In samples that were slowly cooled from
the melt and which comprised the dye at a concentration that
would dictate phase separation above the crystallization tem-
perature of the LLDPE, large-scale phase separation (dye crystal
size of the order of 10µm) was observed during cooling, and
the resulting material did not display the desired mechanochro-

mic effect.2 Conversely, no dye aggregates could be discerned
by optical microscopy in blends that were quenched from
molecularly mixed melts. These samples displayed a pronounced
mechanochromic effect, which we related to the formation of
nanoscale aggregates of the sensor molecules in the polymer
matrix, which could be transformed into molecular mixtures
upon deformation. In these blends, we observed that a significant
portion of the chromophores aggregated immediately upon
quenching, but the aggregation process continued over the
course of a few months.2 With the notion that this aging process
could be driven by aggregate nucleation as well as diffusion/
growth processes, we conducted a preliminary study regarding
the effect of host polymer crystallinity. A similar but much
faster aging process was observed for a quenched blend ofC1-
RG and a LLDPE of lower density (0.90 g cm-3). Rather
interestingly, the resulting materials displayed hardly any
color change upon deformation. Motivated by the desire to
develop a better understanding of the structure-property
relationships in these systems, specifically with respect to
aggregate size and the relation between stress, strain, and
color change, and to gain further insights into the mechanism
of the deformation-induced color change observed in these
blends, we here report a detailed and systematic investigation

Figure 1. Chemical structures of 1,4-bis(R-cyano-4-methoxystyryl)-
2,5-dimethoxybenzene (C1-RG) and 1,4-bis(R-cyano-4-octadecyloxy-
styryl)-2,5-dimethoxybenzene (C18-RG), the cyano-OPVs employed
in this study.
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of blends between a series of PEs with different crystallinity
and two cyano-OPVs.

Experimental Section

Materials. 1,4-Bis(R-cyano-4-methoxystyryl)-2,5-dimethoxyben-
zene9 (C1-RG) and 1,4-bis(R-cyano-4-octadecyoxystyryl)-2,5-
dimethoxybenzene3 (C18-RG) were prepared as described before.
The different grades of polyethylene (PE) used in this study are
referred to asPEF, where F denotes the density of the melt-
processed, quenched polymer as measured by us in an isopropanol-
distilled water gradient column calibrated with glass floats. An
average of at least three samples was used and we elected to employ
0.15% w/wPE/C1-RG blends rather than the neat PE to establish
the PE densities; the measured values are in good agreement with
the values reported for neat PE of similar composition.19 Crystal-
linities were calculated from the measured densities assuming a
two-phase model for PE with crystalline and amorphous densities
of 1.000 and 0.855 g cm-3 and omitting the contribution of the
dye.20 The PEs used in our study includePE95 (Stamylan 7048,
density F ) 0.951, crystallinity xc ) 66%), a high-density
polyethylene obtained from DSM Polymers, as well asPE94
(Dowlex BG 2340,F ) 0.939,xc ) 58%), PE92 (Dowlex NG
5056E,F ) 0.918,xc ) 44%),PE90 (Attane SL 4102,F ) 0.908,
xc ) 36%), andPE87 (14.7 mol % octene,F ) 0.868,xc ) 9%).
These PE samples (except for PE 95) are homogeneous LLDPEs
containing different amounts of octene as a comonomer and were
obtained from the Dow Chemical Co.

Film Preparation. Binary blends of PE andC1-RG or C18-
RG containing between 0.1 and 1.0% w/w dye were prepared by
feeding the appropriate amount of dye and 3.0 g of PE into a
recirculating, corotating twin-screw mini-extruder (DACA Instru-
ments, Santa Barbara, CA), mixing at ca. 100 rpm for 3 min at
180 °C, and subsequent extrusion. Films were prepared by
compression-molding the blends between two aluminum foils
(Kapton films were used for AFM studies) in a Carver press at
180°C for ∼3 min, using four 60µm spacers. After removal from
the hot press the samples were immediately quenched by immersion
in an ice-water bath. Blends used in tensile deformation experi-
ments were aged at room temperature for at least 2 weeks prior to
use. In comparative experiments, similar molar concentrations,
specified later, of the two dyes were used to minimize potential
effects that could arise from different dye concentrations.

Optical and Optomechanical Spectroscopy.Steady-state PL
spectra were acquired on a SPEX Fluorolog FL3-12. Spectra were
collected under excitation at 435 nm and were corrected for
instrument throughput and detector response. In-situ optomechanical
studies were carried out on an Anton-Paar rheometer (MCR-501)
equipped with an Expansion Instruments SER Universal Testing
Platform, which is described in detail elsewhere,21 in connection
with an Ocean Optics ACD1000-USB spectrometer under excitation
at 480 nm. Unless otherwise noted, the emission spectra acquired
by in-situ measurements were not corrected. For in-situ optom-
echanical experiments, film samples were cut into 4-6 mm wide
strips which were notched with a5/8 in. round stencil on both edges,
leaving a 2.0 mm gap between the notches. This geometry ensured
that the samples yielded in a predefined central position without
causing them to fail at low strains. Unless otherwise noted, films
were strained at a rate of 0.05 s-1. Strains reported in figures
containing stress-strain-PL plots (and in the text when referring
to these figures) are nominal values and are calculated from the
angular rotation of the SER fixture’s drums.21 Local strains may
be different than these nominal values. Strains reported for films
that were manually stretched have been measured by the displace-
ment of ink marks on the samples.

Atomic Force Microscopy. Atomic force microscopy (AFM)
experiments were performed on the free surfaces of as-prepared
films using a Nanoscope IIIa equipped with a MultiMode head and
J-scanner. All AFM measurements were conducted in tapping mode
under ambient conditions. Commercial Si probes were chosen with
a resonance frequency of ca. 300 kHz. Height and phase images

were recorded simultaneously. In the phase images high-modulus
materials appear brighter than low-modulus materials.

Results and Discussion

Materials. In order to systematically study the influence of
the PE matrix on the aggregate formation of physically
incorporated cyano-OPV sensor molecules and the mechanically
induced dispersion of the latter, we elected to use a series of
PEs spanning a large crystallinity range of betweenxc ) 66%
(PE95, a high-density PE) and 9% (PE87, a LLDPE with high
octene comonomer content). The different grades of PE are
referred to asPEF, where F denotes the density of melt-
processed, quenched samples. In addition toPE95 andPE87
we employedPE94 (F ) 0.939,xc ) 58%), the LLDPE used
in our previous studies,2,9 as well asPE92 (F ) 0.918,xc )
44%) andPE90(F ) 0.908,xc ) 36%), which are both LLDPEs
of intermediate density. The cyano-OPVs used here feature the
same chromophore unit (Figure 1) and include the previously
studied 1,4-bis(R-cyano-4-methoxystyryl)-2,5-dimethoxyben-
zene9 (C1-RG) as well as 1,4-bis(R-cyano-4-octadecyoxystyryl)-
2,5-dimethoxybenzene3 (C18-RG). The hydrophobic octade-
cyloxy chains on C18-RG were originally introduced to
decrease the dye’s solubility in polar host polymers such as
polyesters.3 On the basis of previous studies, which compared
the nucleation rate of flexible molecules and their rigid
counterparts,22-26 and our qualitative observation of a much
smaller crystal size in crystallization attempts, we surmised that
the aggregation behavior ofC18-RG in PE might be rather
different from that ofC1-RG, and we therefore included this
chromophore in the present study.

Binary blend films between the PEs and these dyes were
prepared by melt-mixing the components at 180°C, compression
molding at the same temperature, and quenching to 0°C, in
order to minimize the extent of large-scale phase separation
between dye and polymer host (vide infra).2 All blend films
thus produced exhibited emission spectra comprised of both
monomer emission with maximaλmax at 495 and 537 nm and
excimer emission with aλmax at 650 nm (Figure 2a,b). Unless
otherwise noted, the samples were aged at ambient conditions
for at least 2 weeks prior to use. The equilibrium room
temperature solubility of bothC1-RG andC18-RG in PE94 is
of the order of 0.001-0.005% w/w (Supporting Information)
and is expected to be similar in the other PEs. Thus, the
compositions of all samples investigated in this study dictate
phase separation under thermodynamic equilibrium conditions
at ambient temperature.

Aging of Melt-Processed Polyethylene/Cyano-OPV Blend
Films. In order to develop a more quantitative understanding
of the aging phenomenon previously observed in quenched PE/
C1-RG blends (vide supra) and to determine how this process
is influenced by the host polymer crystallinity, we investigated
the PL emission characteristics of films of a series of blends
containing 0.15% w/wC1-RG as a function of time. For this
study we selected the matrix in which the aging process was
first observed (PE94, xc ) 58%),2 along withPE95andPE90,
which exhibit higher and lower degrees of crystallinity
(xc ) 66% and 36%, respectively). Representative PL spectra
for thePE94/C1-RG blend are shown in Figure 2a. Following
the trend observed for a similar composition before,2 the ratio
of monomer (IM, 537 nm) to excimer (IE, 650 nm) emission
intensity,IM/IE, decreased as a function of time. As can be seen
from Figure 2a, the rate of this process decreases sharply as a
function of time and appears to approach zero after a time frame
of a few weeks. Blends based onPE95andPE90qualitatiVely
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exhibit the same behavior (individual spectra not shown), but
the process was found to be slower in the case ofPE95 and
faster forPE90. To quantify these differences,IM/IE extracted
from the individual experiments was plotted as a function of
time (Figure 2c). The observed PL color change was found to
fit well to single (PE90) or double (PE95andPE94) exponential
equations of the type

whereIM∞/IE∞ is IM/IE after aging to equilibrium,t is the aging
time in days, andA1, A2, τ1, andτ2 are constants representing
the magnitude (A) and rate (1/τ) of the PL color change. The
data extracted from these fits (Table 1) reveal that a decrease
of the matrix crystallinity leads to a decrease ofIM∞/IE∞, τ1,
andτ2 and an increase ofA1 andA2. In other words, the rate at
which the dye aggregates and the extent of aggregation (and
perhaps the aggregate size) increase with decreasing polymer
crystallinity. This observation is in agreement with the increased
amount of amorphous phase with decreasing crystallinity and
reflects an increase of the dyes’ (translational) mobility. InPE95
andPE94blends withC1-RG the color change was sufficiently
slow to discern two different processes that lead to a decrease
of IM/IE. The excimer formation of cyano-OPVs in solid polymer
matrices is concomitant with the formation of (electronic)
ground state aggregates, and thus the biexponential nature of
the aging process points to two different factors that limit the
dyes’ aggregation rate. The process is consistent with a
nucleation process that is followed by a slower aggregate (or
crystal) growth that involves diffusion of the dye molecules
through the tortuous semicrystalline environment.

To shed more light on the origin of the biexponential
aggregation process, and surmising that the aggregation behavior
of C18-RG in PE might be rather different than that ofC1-RG
(vide supra), we repeated the aging study with binary blends of
all the PEs and 0.4% w/wC18-RG (i.e., at a similar molar
concentration as the 0.15% w/wC1-RG blends studied).
Interestingly, the dye aggregation appeared to be instantaneous
in all samples involvingC18-RG. Data for the 0.4% w/wPE94/
C18-RG blend are shown as an example in Figure 2b,c. The
emission spectrum of a freshly quenched film (Figure 2b) is
virtually identical to that of an aged 0.15% w/wPE94/C1-RG
film (Figure 2a), and no significant change could be discerned
over the course of up to 50 days (Figure 2b,c).27 Thus, we have
found that (i) the length of the rigid cores ofC18-RG andC1-
RG, which dominate the total molar volume, are identical
(leading to presumably similar diffusion characteristics in a
given PE matrix), (ii) the aggregation ofC18-RG was instan-
taneous in all polymer matrices employed, (iii) thatIM∞/IE∞ of
about equimolarPE94/C18-RGandPE94/C1-RGblends are
similar, which suggests that the same level of aggregation is
reached, and (iv) the alkyl tails are well-known to enhance
nucleation (vide supra). Together, these findings support the
hypothesis that distinctive aggregation characteristics ofC1-
RG andC18-RG in PE matrices are caused by a significantly
higher nucleation rate ofC18-RG. The absence of a pronounced
diffusion-related component in the case of the aggregation of
C18-RG suggests that a large fraction of the dye molecules
participates in the nucleation step, leading to the formation of
many small aggregates. The process is equally rapid in the
different PE hosts employed, suggesting that the aggregation
process (and therefore the aggregate size) is relatively inde-
pendent of the host polymer’s crystallinity. The comparably
inefficient nucleation ofC1-RG, in turn, appears to limit the
number of dye aggregates formed, leading to slow growth of
larger aggregates (or crystals) via diffusion of the dye molecules.
The observation of different dye aggregate sizes in blends
comprisingC1-RG andC18-RG (by atomic force microscopy,
vide infra) further supports this interpretation.

Deformation-Induced Emission Color Changes in Poly-
ethylene/Cyano-OPV Blend Films.We reported earlier that
(aged)PE94/C1-RGblends change their PL emission charac-

Figure 2. (a) PL emission spectra of a quenched blend film containing
0.15% w/wC1-RG in PE94as a function of aging time (as indicated
in the figure) at room temperature. The spectra are normalized to the
monomer peak at 537 nm. (b) PL emission spectra of a quenched blend
film containing 0.4% w/wC18-RG in PE94 initially after quenching
(solid line) and after aging at room temperature for 50 days (dashed
line). The spectra are normalized to the monomer peak at 537 nm. (c)
IM/IE of quenched blend films containing 0.15% w/wC1-RG (open
symbols) or 0.4% w/wC18-RG (closed symbols) inPE95 (4), PE94
(O, b), andPE90(0) as a function of aging time at room temperature.
Solid lines are least-square fits to eq 1.

IM/IE ) IM∞/IE∞ + A1e
-t/τ1 + A2e

-t/τ2 (1)
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teristics from excimer-dominated to monomer-rich emission
upon deformation beyond the yield point.2 This color change
was ascribed to breakup of nanoscale dye aggregates and the
transformation of the phase-separated polymer/dye blend into
an apparent molecular dispersion or solution.2,28With the above-
documented differences in the aggregation behavior ofC1-RG
andC18-RG in mind, and the objective to gain further insights
into the mechanism of the deformation-induced color change,
we conducted a systematic series of optomechanical experiments
using a modified rheometer in connection with a PL spectrom-
eter (see Experimental Section for details). This setup enabled
us to conduct combined stress-strain-PL measurements by
maintaining the center of the stretch zone in a fixed location,
which allowed the emission characteristics to be monitored in
situ.

We first compared the characteristics of binary blends of
PE94containing 4µmol/g of C1-RG (0.18% w/w, this system
was studied previously2) or C18-RG (0.4% w/w). The PL
spectra of unstretched films comprisingC1-RG andC18-RG
(Figure 3a; strainε ) l/l0 - 1 ) 0%) show similar features and
are dominated by excimer emission. Tensile deformation has a
pronounced effect on the emission spectra of both systems. Upon

deformation to a strainε ) 500% (i.e., to a point where necking
had occurred) films of both compositions changed their emission
color from orange to green. This transformation can be followed
in detail in the PL spectra, which display a significant change
in the relative intensities of monomer (λmax ) 495, 537 nm)
and excimer emission (λmax ) 650 nm). In fact, the stretched
samples are dominated by monomer emission andIM/IE

increased by an order of magnitude (Figure 3a).

Interestingly, significant differences were found when com-
paring the mechanooptical response of binary blends ofPE90
containing the same molar concentration ofC1-RG (0.19%
w/w) or C18-RG (0.4% w/w). Figure 3b shows the PL emission
spectra29 of the two films at 0 and 500% strain. As can be seen,
the emission spectrum of theC1-RG blend film exhibits only
minor changes upon deformation. By contrast, the sample
containingC18-RG develops a substantial (1 order of magni-
tude) increase inIM/IE upon stretching. This difference is another
piece of evidence for the hypothesis that the dye aggregates
formed in thePE90/C1-RG blend are larger than those formed
in PE94/C1-RG andPE90/C18-RG and are therefore difficult
to disperse upon deformation.

On the basis of the above-discussed findings, which reflect
a preferred aggregation/dispersion behavior ofC18-RG com-
pared toC1-RG, we elected to focus further experiments on
the mechanochromic response of PE blends comprisingC18-
RG. We first revisited the aspect of dye solubility and the effect
of dye concentration on the mechanochromic response. Con-
sistent with previous findings by our group2,3 and others,30-33

PL emission spectra of unstretchedPE94/C18-RG blend films
containing between 0.1 and 0.8% w/w dye show a decrease of
IM/IE with increasingC18-RG concentration (Figure 4a,b).
While films comprising 0.1 or 0.2% w/w of the dye display a
prominent monomer contribution, the emission spectra of
samples containing 0.4% w/w or moreC18-RG are dominated
by excimer emission. Figure 4b shows the visual appearance
of these films under illumination with UV light as a result of
deformation just beyond the yield point. All films exhibit an
increase of the green monomer fluorescence upon stretching.
The visual contrast between stretched and unstretched portions
appears to be most pronounced for the 0.4% w/w blend (Figure
4b), which appear to offer the best combination of high initial
excimer contribution and good aggregate dispersibility. A set
of uncorrected, unnormalized PL emission spectra that was
obtained in an in-situ optomechanical experiment by stretching
a sample of this composition to different strains is shown as an
example in Figure 4c. The spectra show a substantial increase
of the absolute intensity of the monomer band that comes at
the expense of the intensity of the excimer band. The change is
gradual, and an isoemissive point is observed at ca. 575 nm.
This spectral feature is characteristic of two components that
are in mutual dependence and confirms that the observed color
change is indeed due to excimer to monomer conversion.34,35

IM/IE values extracted from in-situ optomechanical experi-
ments of unstretchedPE94/C18-RG blend films containing
between 0.1 and 0.8% w/w dye are plotted along with stress
against strain in Figure 4d. The stress-strain profiles for all
samples are qualitatively the same, showing yielding, neck
propagation, and strain hardening features characteristic of this
PE grade.36 Interestingly, the shape of theIM/IE-strain traces,
while differing in magnitude between samples, all display
similarities to the stress-strain profiles, which were hitherto
not observed.IM/IE values exhibit a steep increase upon
yielding (Figure 4e), increase only moderately during neck

Figure 3. PL emission spectra of quenched blend films containing
0.19% w/wC1-RG (solid lines) or 0.4% w/wC18-RG (dashed lines)
in PE95 (a) or PE90 (b) at 0 and 500% strain. The spectra are
normalized to the monomer peak at 537 nm (a) and excimer peak at
ca. 650 nm (b).

Table 1. Constants Determined by Fitting the Data Shown in Figure
2c to Eq 1

polymer IM∞/IE∞ A1 τ1 (days) A2 τ2 (days)

PE95 0.58 0.32 0.31 0.24 17.2
PE94 0.49 0.40 0.22 0.26 11.7
PE90 0.27 0.50 0.08
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propagation, and display a slightly steeper increase during
strain hardening. Blends featuring low dye concentration exhibit
larger absolute changes ofIM/IE than materials with high
concentration of dye. Upon deformation to a strain of ca. 300%,
IM/IE of blend films containing 0.1% dye reaches a value of ca.
25, which is identical to theIM/IE observed forC18-RG in dilute
chloroform solution. This indicates that virtually all dye
aggregates have been disintegrated during deformation and that
the dye is molecularly dissolved or dispersed at this stage. Lower
values ofIM/IE were observed in the stretched portions of blend
films with a higher concentration of the dye (Figure 4d),

indicating an incomplete breakup of the aggregates upon
deformation. This is most likely due to the larger initial size of
the aggregates in the higher concentration blends (vide infra).
A comparison of theIM/IE values with the pictures shown in
Figure 4b shows, however, thatIM/IE is not necessarily a good
representation of the perceived visual contrast. Normalization
for the different initial excimer contributions allows one to
express therelatiVe changes observed in the samples upon
deformation in an appropriate manner. For example, the ratios
of IM/IE after deformation to 50% strain (i.e., just beyond the
yield point) to the initial values ofIM/IE are 3.4, 4.2, 5.3, and

Figure 4. Properties of quenched blend films ofPE94 and 0.1, 0.2, 0.4, or 0.8% w/wC18-RG. (a) PL emission spectra of pristine films. The
spectra are normalized to the maximum value. (b) Picture of films deformed toε ) l/l0 - 1 ) ∼300%. The wide regions are strained portions that
had not necked. (c) Uncorrected PL emission spectra (not normalized) of a quenched blend film ofPE94and 0.4% w/wC18-RG as a function of
strain to break; arrows indicate direction of change in spectra. (d)IM/IE (symbols, measured at 540 and 650 nm) and tensile stress (lines) as a
function of strain for blends betweenPE94 and between 0.1 and 0.8% w/wC18-RG. (e) Magnification of the data for the 0.4% w/wPE94/C18-
RG blend shown in (d) in the necking region.
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4.0 for blends containing 0.1%, 0.2%, 0.4%, and 0.8% w/wC18-
RG, respectively. Comparison of this data with Figure 4b
indicates that the best contrast is achieved in the 0.4% w/w
blend. It appears that there is an optimum dye concentration
that leads to materials which are initially dominated by excimer
emission (IM/IE < 1) but transform to a system that is rich in
monomer emission (IM/IE > 1) upon deformation. Below this
optimal dye concentration, the materials feature a higher level
of monomer emission in the unstretched state, which reduces
the attainable color contrast. An increase of the dye concentra-
tion above this optimal level does not change the emission
spectra of unstreched films significantly (as can be seen from
the spectra of the 0.4%, and 0.8% w/w blends shown in Figure

4a), but it may lead to larger aggregates that are more difficult
to disperse.

We next conducted a series of experiments that probe the
effect of polymer crystallinity on the mechanochromic response
of PE/C18-RG blends. The PL emission spectra of freshly
quenched blend films ofPE95, PE94, PE92, PE90, or PE87
and 0.4% w/wC18-RGare all dominated by excimer emission
(Figure 5a). ThePE87 blend shows almost no monomer
emission, indicating that virtually all of the dye molecules are
in an aggregated state. This is consistent with the low crystal-
linity/high free volume of this polymer, which leads to a high
translational mobility of the dye molecules and facilitates
aggregation. All other blend films display PL spectra that feature
clearly detectable monomer emission bands. TheIM/IE values
of these samples are virtually identical, and it appears that in
these hosts a similarly small fraction of the dye molecules is
molecularly dispersed within the polyethylene matrix. This is
consistent with the higher crystallinity/lower free volume in
these materials, which prevent complete aggregation. Interest-
ingly, the similarIM/IE values observed forPE95, PE94, PE92,
andPE90 blends containing 0.4% w/wC18-RG suggest that
the difference in crystallinity does not significantly influence
the fraction of dye molecules that remain molecularly incor-
porated within the polyethylene matrix.

Tensile deformation of these PE/C18-RG blends led to an
increase ofIM/IE in all samples investigated. Figure 5b shows
that the extent of color change exhibits a significant dependence
on the host polymer’s crystallinity. TheIM/IE-strain traces of
PE95, PE94, PE92, and PE90 blends all display striking
similarities to the stress-strain profiles. In these casesIM/IE

exhibits a steep increase upon yielding (Figure 5b), increases
moderately during neck propagation, and displays a slightly
steeper increase during strain hardening. Blends ofPE95 or
PE94 (vide supra) are virtually identical and show the largest
color change.PE92 andPE90 blends appear to form another
“group”, where a somewhat less pronounced color change is
observed. ThePE87blend, featuring primarily an elastic stress
response, shows a very modest linear increase inIM/IE with
strain, even at high strains where a large stress increase is
observed (Figure 5c). The data suggest that the mechanochromic
effect observed in the different blends studied is directly related
to the microstructure of the PE.19,42Pronounced changes ofIM/
IE can be observed for blends of polymers that adopt lamellar
morphologies (PE95, PE94, PE92, andPE90). By contrast, the
elastomericPE87forms almost exclusively fringed micellar type
crystals, and blends based on this host show only a minor
mechanochromic response.

Figure 5. (a) PL emission spectra of quenched blend films ofPE95,
PE94, PE92, PE90, and PE87 containing 0.4% w/wC18-RG. The
spectra are normalized to the excimer peak at ca. 650 nm. (b)IM/IE

(symbols, measured at 500 and 650 nm) and tensile stress (lines) as a
function of strain for the same. (c) Magnification of the data shown in
(b) for thePE87/C18-RG blend.

Figure 6. IM/IE (symbols, measured at 500 and 650 nm) and tensile
stress (lines) as a function of strain for blends betweenPE95measured
at strain rates between 0.1 and 5.0× 10-5 s-1.
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A quantitative difference exists for the mechanochromic
response of blends comprising the higher densityPE95or PE94,
which both exhibit thick crystalline lamellae, and the lower
densityPE92or PE90, in which the lamellae are much thinner
and less abundant. Thus, from a mechanistic aspect, it appears
that the ability of the polymer host to disperse dye aggregates
upon deformation is primarily related to the plastic deformation
process of the PE crystallites, specifically those arranged in a
lamellar morphology. Data from the low-strain (elastic) regime
of PE95, PE94, PE92, andPE90 blends and theIM/IE-strain
trace ofPE87 reflect that elastic deformation, which primarily
involves the extension of chains in the amorphous region,
apparently has little effect on the dispersion of dye aggregates.
The absence of significant changes in the inelastic regime of
PE87, in which plastic deformation occurs primarily via
attachment and detachment of short crystallizable chain seg-
ments,38 further suggests that crystallographic slip processes,
which are the dominant mechanism involved in the plastic
deformation of high crystallinity materials,39-42 play an impor-
tant role in the mechanically induced dispersion of the excimer-
forming sensor molecules. These findings are consistent with
the mechanochromic responses of other recently investigated
materials.3,4 For example, blends created from semicrystalline
poly(ethylene terephthalate) exhibit a significant color change
upon deformation, whereas the mechanochromic response of
an otherwise identical material based on the fully amorphous
poly(ethylene terephthalate glycol) is much less pronounced.3

Similarly, blends between thermoplastic polyurethanes andC18-
RG showed very little color change upon deformation, and it
was necessary to covalently incorporate the dye molecules into
the polymer backbone in order to achieve a significant mecha-
nochromic response.4

Since the PE/cyano-OPV blends are displaced from a
thermodynamic equilibrium upon deformation, another impor-
tant question, addressed only qualitatively here, is how well
the color is retained after deformation. Gratifyingly, when stored
under ambient conditions, the emission spectra of the drawn
portions ofPE95 and PE94 blends containing eitherC1-RG
or C18-RG remain unchanged almost indefinitely, which is
important from a technological point of view. This observed
stability of the dispersed polymer/dye blend points to a
considerably reduced translational mobility of the dye upon
stretching, which may be attributed to transformation of
crystalline regions from lamellar to fibrillar structure of higher
crystallinity,43 a reduction in free volume hole size,44-46 and/or
an increase of internal crystal interfacial area,47-49 which may
all play a role in stabilizing the molecularly mixed systems.
The emission spectra of the drawn portions of blends based on

PE92, PE90, or PE87 and C18-RG, in turn, displayed a
decrease ofIM/IE over time, suggesting reaggregation of the dye
molecules. The speed and extent of the change ofIM/IE were
qualitatively found to scale with decreasing crystallinity. In
blends ofPE87 the minor contribution of monomer emission
generated upon deformation was found to completely fade
within seconds. These observations are consistent with the
increase in guest molecule mobility observed in PE with
decreasing crystallinity.

Finally, we probed the influence of strain rate on the
mechanochromic response of blend films comprisingPE95and
0.4% w/w C18-RG. Blend films were subjected to tensile
deformation at strain rates between 0.1 and 5.0× 10-5 s-1.
The resulting stress-strain-IM/IE traces are shown in Figure
6. The stress profiles show a decrease in the yield stress and
ultimate stress with decreasing rate, consistent with the increase
in viscous flow expected at low rates of strain.50-55 Interestingly,
the magnitude of the color change, and therewith the extent of
aggregate breakup, follows an opposite trend and increases with
decreasing strain rate. As can be seen from Figure 6, theIM/
IE-strain trace of the blend strained at 0.1 s-1 is similar to those
shown above, and the sample fails before the aggregates are
completely dispersed (IM/IE ∼ 8). In contrast,IM/IE of the blend
strained at 5.0× 10-5 s-1 increases steeply with strain and levels
off at a value of ca. 25 (indicating complete dispersion of the
dye aggregates, vide supra) long before this sample breaks. This
response may reflect the strain rate dependence of the host
viscoelasticity. Alternatively, the crystalline morphology evolu-
tion with strain may depend on strain rate, this in turn
influencing the dispersion of dye aggregates. Discernment
among these possibilities requires in-situ observations beyond
the scope of the present study.

Atomic Force Microscopy.To gain further evidence regard-
ing the size of the dye aggregates formed, atomic force
microscopy (AFM, tapping mode) was used to investigate the
morphological properties of selected PE/cyano-OPV blends
before and after deformation. Initial studies were performed with
PE87; this polymer was selected because the absence of large
PE crystallites allowed for an unambiguous identification of dye
aggregates. Figure 7 shows a series of phase images of
compression-molded surfaces ofPE87 and PE87/C18-RG
blends containing 0.4 or 1.0% w/w dye.56 The images clearly
reveal that the dimensions of the dye aggregates formed are at
the nanometer length scale. The largest aggregates found in the
0.4 and 1.0% w/w blends are of a length of about 80 and 180
nm, respectively, confirming the proposed increase of aggregate
size with increasing dye concentration. With the notions that
PE87 blends display only a very limited mechanochromic

Figure 7. AFM micrographs displaying free surfaces of quenched films ofPE87 containing 0% (a), 0.4% (b), and 1.0% w/wC18-RG (c).
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response and rapid dye reaggregation (vide supra) and that dye
aggregates are exceedingly difficult to discern in the higher
density PE samples,PE90 was employed to investigate the
influence of tensile deformation on blend morphology. Figure
8 shows phase images of compression-molded surfaces ofPE90
and PE90/C18-RG blends containing 0.4 or 1.0% w/w dye
before (top) and after (bottom) deformation of the blends to a
strain of 200%. The “background” of the PE crystals limits the
accuracy with which the aggregate size in these blends can be
established, but it appears that the maximum length (100 and
150 nm for 0.4 and 1.0% w/w blends) and number of aggregates
in unstretchedPE90 is comparable to those inPE87blends at
the same concentration, although the aggregates appear to be
of lower aspect ratio inPE90 than inPE87. The AFM images
show that uniaxial deformation of the films leads to the
conversion of the PE crystallites into fibrillar structures that
are primarily oriented along the stretch direction. At the same
time, the number and size of the dye aggregates are reduced.
This effect is particularly pronounced in the 0.4% w/w blend,
consistent with the smaller initial aggregate size in this material
and the results of our mechanochromic studies, in which
incomplete aggregate breakup was documented for samples of
higher dye concentration. The fact that the dye aggregates
observed in blends ofPE87 (which display only a modest
mechanochromic response) andPE90 (in which the mechano-
chromic response is more pronounced) are of similar size
corroborates our conclusion thatbothsmall aggregatesand the
presence of lamellar PE crystals are required to maximize the
mechanochromic response. Finally, Figure 9 shows AFM phase
images of a 0.19% w/wPE90/C1-RG blend film before and
after deformation to a strain of 200%. This comparative
experiment (cf. Figure 8b,e) unequivocally demonstrates that,

at least in this host and using identical processing protocols,
C1-RG indeed forms microscopic crystals that are much larger
than the aggregates observed in the case ofC18-RG, which is
consistent with our postulate of slower nucleation. Figure 9
further shows that deformation of the 0.19% w/wPE90/C1-
RG blend film leads to fracture of the dye crystals, but it appears
that a large fraction of the crystalline dye remains phase-
separated from the PE host, consistent with the very limited
mechanochromic response of this blend (Figure 3b). This effect
may be less important in the higher crystallinity matrices (Figure
3a), where the reduced translational mobility of the dye
molecules leads to the creation of smaller crystals.2

Conclusions

In summary, we have demonstrated that in blends between
PE and excimer-forming cyano-OPV dyes the extent of color

Figure 8. AFM micrographs displaying free surfaces of quenched films ofPE90containing 0% (a, d), 0.4% (b, e), and 1.0% w/wC18-RG (c, f)
before (upper) and after (lower) deformation toε ) l/l0 - 1 ) 200%.

Figure 9. AFM micrographs displaying free surfaces of quenched films
of PE90 containing 0.4% w/wC1-RG before (a) and after (b)
deformation toε ) l/l0 - 1 ) 200%.
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change observed upon deformation, and thus the ability of the
polymer host to break up dye aggregates, is primarily influenced
by three parameters: dye aggregate size, polymer crystallinity,
and strain rate. The nucleation rate of dye aggregates, and
therewith the size of the aggregates, can be controlled via the
nature of the groups attached to the dye. In particular, the
introduction of long aliphatic groups leads to much higher
nucleation rates, which promotes the formation of small
aggregates. Low dye concentrations also lead to small aggregates
which are readily broken up upon tensile deformation of a high
crystallinity PE. Larger aggregates (formed at high dye con-
centrations or at slow nucleation rates) are not readily dispersed.
This mechanically induced dispersion of the excimer-forming
sensor molecules upon deformation is shown to be related to
the plastic deformation process of PE crystallites, specifically
those arranged in a lamellar morphology, and thus increases
with increasing polymer crystallinity. Deformation of polymer
blends that do not exhibit lamellar morphologies does not lead
to significant changes in color. Finally, in high-density materials
the magnitude of the color change, and therewith the extent of
aggregate breakup, was shown to increase with decreasing strain
rate. This behavior may be due to variation in viscoelastic
response of the host polymer with strain rate.

Acknowledgment. We gratefully acknowledge financial
support from the National Science Foundation (CW: NSF DMI-
0428208; PTM: CTS-0552414). The authors thank Dr. I. Manas
and K. Chung for stimulating discussions and J. Kunzelman
for technical assistance.

Supporting Information Available: Solubility plots ofC18-
RG in PE94; pictures and graphs illustrating the development of
strain during tensile experiments. This material is available free of
charge via the Internet at http://pubs.acs.org.

References and Notes
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