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ABSTRACT: Photoluminescence (PL) of a conjugated polymer MEH-PPV, poly[2-methoxy-5-(2′-ethylhexyl)oxy)-1,4-
phenylenevinylene], grafted on a silicon wafer with controlled tether spacing was studied to reveal the effects of molecular
conformation, chain packing, and mechanical stress. In the solvent-swollen state, the PL of the densely grafted polymer (denoted
“brushes”) was blue-shifted substantially relative to the lightly grafted (denoted “pancakes”) and free polymers. As solvent
evaporated, while for the brushes the changes in PL were insignificant, the PL spectra of the pancakes underwent large blue shifts
and exhibited significant efficiency enhancements up to ∼175-fold. The solvent evaporation effects were attributed to molecular
deformations resulting from coil contraction on the substrate, which gave rise to conjugation-disruptive kinks (blue shift) and
segmental stretching (PL enhancement) in the dried molecules. Moreover, heterojunctional quenching was found significantly
suppressed by the mechanical stresses. Similar behavior was observed in dried free single molecules. These results unveil the
fundamental role of mechanical stresses, not only indirectly through their influence on molecular conformations, but directly via
alterations of the excitonic behavior.
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Poor quantum efficiencies still hurdle the prevalence of the
otherwise very promising conjugated polymers (CPs) for

ubiquitous optoelectronic applications, such as light-emitting
diodes, solar panels, and phosphors. Despite many years of
study, our understanding of the physics associated with optical
or electrical excitation in solid CP films and the subsequent
energy transfer remain highly limited.1−4 The efficiency of the
solid films composed of CP molecules is generally thought to
be hindered by “excited state trapping”, a characteristic
normally taken as intrinsic to the amorphous solids.10−15

Nevertheless, the long continuous π-orbital conjugation along
the molecular backbones has long been deemed as advanta-
geous for macroscopic energy transfer over what are offered by
the small-molecule counterparts.

Recently, strong evidence has revealed that molecular
conformation (and morphology) appears to be pivotal in the
energy transfer in CPs.5−10,14,15 The large discrepancies in
quantum efficiency among the solid films and solutions of
similar molecular conformations, however, have prompted
questions for theories based exclusively on molecular
conformations. Subsequently, dramatic increases of photo-
luminescence (PL) efficiencies were reported when CP
molecules were mechanically stretched.16−18 The enhance-
ments were attributed to suppression of electron−phonon
interactions in the stress-rigidified molecular strands,11 which is,
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in fact, consistent with the efficiency enhancements observed in
the rigidified CPs via tailored synthesis.19−21 Furthermore, it
was found that for sufficiently large mechanical forces,
heterojunction quenching at interfaces may be effectively
switched-off,17,18 implying the fundamental role of electron−
phonon coupling in the formation and behavior of the excitons.
Since the mechanical stress applied to a molecular segment

imposes new equilibrium conditions, via restricting the rotation
of individual bonds, for the end-to-end distance, it is intimately
connected to the chain conformation for polymers in general.
Nevertheless, molecular stress and molecular conformation are
different subjects carrying distinctive physical meanings and
hence discernment is required. For example, mechanical
relaxation occurring in solid polymers may lead to substantial
reduction in mechanical stress but not necessarily large
alterations for the ensemble-averaged molecular conformation.
Obviously, it is important to recognize the interconnections
between the two, while keen to differentiate the effects arising
from one from those of the other.
In this work, various molecular conformations (brushes,

pancakes, and free molecules) of CPs were prepared via
designed synthesis and the PL behavior was studied in both the
solution and the dry states, where the mechanical stress induced
by solvent evaporation, similar to that observed as residual
stress in solution-cast ultrathin polymer films,17,18,22,23 was
exploited to unveil the mechanical stress effects on the CP
photonic behavior. It was found that the drying stress had
fostered a very pronounced effect on the conformation-
specified CPs. The results may shed light on the energy

transfer mechanisms in CPs and provide useful clues for the
development of high efficiency applications based on them.

■ EXPERIMENTAL SECTION

Synthesis of MEH-PPV Monomer and Polymers. MEH-
PPV monomer was synthesized (reaction scheme see Figure S1,
Supporting Information)24 by first mixing 4-methoxyphenol (6
g), KOH (3.36 g), tetrabutyl-ammonium bromide (0.3 g), and
deionized water (22 mL) mechanically at room temperature to
form a uniform solution. 2-Ethylhexyl bromide (9 mL) was
then added and the stirring continued at 100 °C for 3 days. The
top portion of the solution was collected and reacted with para-
formaldehye (1.78 g), HBr (18 mL), and acetic acid (45 mL) at
70 °C for 4 h before crystallizing at 4 °C. The residual HBr was
removed and the crystals were dissolved in hexane. After
filtration and neutralization with the KOH solution, the light
yellow liquid at the top was collected and dried in a fume hood,
which yielded the MEH-PPV monomer.
To polymerize, the monomer (625 mg) was dissolved in

THF (75 mL) before adding the initiator potassium tert-
butoxide (t-BuOK) solution (t-BuOK (468 mg) in THF (40
mL) by sonication). The reaction took place in the dark at 2−4
°C for 4 h. After filtration, the MEH-PPV polymer was
precipitated in excess methanol. The molar mass (M) of the
MEH-PPV was controlled by the amount of the t-BuOK
solution.24,25 Two molar masses were synthesized: M = 16 kg/
mol (dispersity ∼ 1.05) and M = 55 kg/mol (dispersity ∼
1.20).26 The chemical structure of the polymer was
characterized by using 1H NMR (500 MHz, CDCl3) and the
tolane-bis-benzyl (TBB) defects27,28 were found to be ∼0.65 wt

Figure 1. (a) Schematic depiction of the molecular structures of MEH-PPV monomer, APTMS primer, and the primed silicon surface. (b)
Schematic depiction of the sample holders of the wet specimens used in the commercial PL spectrometer (left) and confocal micro-PL system
(right). (c) UV−visible spectrum of the APTMS-primed Si-wafer grafted with a monolayer of MEH-PPV monomer. (d) Variations of the graft mass
(of MEH-PPV monomer), contact angle, and surface roughness during the growth of the monomer monolayer as a function of reaction time.
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% for theM = 55 kg/mol and not detectable for theM = 16 kg/
mol, suggesting that the average distance between defects for
the free polymer was ∼154 monomers.
Substrate Priming. Priming of the Si-wafer substrate,

required for polymer grafting, comprised of a series of steps,
namely, (a) growing a complete monolayer of Si−OH on the
wafer,29−32 followed by (b) adsorption of self-assembling 3-
aminopropyltrimethoxysilane (APTMS) molecules (Figure
1a),33−43 (c) curing to convert the OH−Si physiosorption
into Si−O−Si bonding via APTMS flipping,34,36,43 and finally
(d) reacting the cured APTMS-Si wafer with MEH-PPV
monomer (at the absence of the t-BuOK initiator) to clad a
monomer monolayer on the wafer surface. The anchored
monomer served as a seeding site for growing a MEH-PPV
chain in the subsequent polymerization reaction (“graft-from”
reaction) or chemically bonding a presynthesized MEH-PPV
macromolecule (“graft-to”; Figure 1a). The existence of the
complete monomer layer was confirmed by measurements of
contact angles, UV−visible spectra (Figure 1c), and roughness
of the grafted surface (Figure 1d). Further details of the

priming processes are given in the Supporting Information,
section 2.

MEH-PPV Grafting. For the “graft-from” reac-
tions,24,33,44−46 the primed substrate was immersed in the t-
BuOK solution (188 mg in 16 mL THF) with the monomer
(250 mg in 30 mL THF) slowly dripped in. The thickness of
the grafted layer was measured by using a scanning force
microscope (SFM) on the scratched dried samples. Growth
eventually slowed due to monomer exhaustion (inset, Figure
2b). Hence, for growing longer brushes, graft polymerization
was carried out in two steps: first at a temperature of 60 or 70
°C for 12 h (Figure 2a),24 and then at 78 °C in the presence of
a higher t-BuOK concentration. When the polymerization was
completed, the wafer was sonicated in DI water to remove
residual t-BuOK, followed by sonication in THF (30 min) to
remove the adsorbed free MEH-PPV polymer.
For the “graft-to” reactions,26,47,48 the primed substrate was

reacting with the prepolymerized MEH-PPV dissolved in equal-
part THF, toluene, and cyclohexanone (∼24 h, filtered via 0.45
μm pores) at 70 °C. The graft density was controlled by the

Figure 2. Characteristics of the MEH-PPV brush molecules grown in the “graft-from” reaction. (a) SFM topography at various reaction times in the
first graft-from reaction at 60 °C (scan size: 20 μm × 20 μm). (b) Molar mass of the brushes vs total thickness, (inset) layer thickness as a function
of reaction time during the first graft-from reaction. (c) PL spectra of the dry MEH-PPV brushes for various Ms. (d) PL spectra of the MEH-PPV
brush sample (M = 182 kg/mol) acquired while it was submerged, respectively, in THF, MeOH, and again THF, and MeOH. (e) PL spectra of the
MEH-PPV brush sample (M = 182 kg/mol.) measured in air after it was submerged, respectively, in THF, MeOH, then again THF, and MeOH.
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reaction time (up to 72 h). The heating used for the reactions
was proved to not cause any degradation of the polymers, as
verified by the PL spectra (Figure 3). After the grafting
reaction, the samples were rinsed in THF under sonication for
30 min to remove the nongrafted polymers. Two polymer
concentrations were used, one near c* (∼2.5 mg/mL) and the
other substantially lower (0.06 mg/mL). The grafting of the
MEH-PPV molecules was confirmed by the FT-IR spectra (not
shown)49 showing the emergence of the out-of-plane phenyl
CH wag at 858 cm−1, the alkyl-oxygen stretching at 1040 cm−1,
the phenyl oxygen stretching at 1204 cm−1, and the
semicircular phenyl stretching at 1506 cm−1 amid the
diminishing of the characteristic APTMS peak at 3371 cm−1

due to NH2 consumption for grafting.
Characterization. The grafted polymer films were analyzed

by using the SFMs (Veeco Nanoscope V and Dimension
3100), a UV−visible spectrometer (Hitachi U3010), photo-
luminescence (PL) spectrometers (Horiba Jobin Yvon
Fluorolog-3 and PerkinElmer LS55), an FT-IR (Horiba
F730), and a home-built confocal micro-PL spectrometer
integrated with a SFM (Catalyst II, Bruker). For measurements
using the PerkinElmer spectrometer, the excitation (collection)
was at an angle of 45° (60°) relative to the sample. For the
Horiba PL spectrometer both excitation and detection were at
45° relative to the film plane (Figure 1b). In the commercial PL
spectrometers (the Horiba and PerkinElmer), different sample
holders were required and used for the dry and solvent-
submerged samples, but it was still possible to compare the PL
intensities of the dry and solvent-swollen samples obtained
from the PL spectrometers (the Horiba and PerkinElmer) after
proper calibration was taken. The SFM-integrated confocal
micro-PL spectrometer was used to probe local regions in the
samples for the PL properties. In this case, the excitation beam
was incident normal to the sample, while the emissions were
collected along the same path but reversed at 180°. The
confocal setup also consisted of an inverted optical microscope

(Olympus IX71), laser sources (473 and 632.8 nm), and optical
detector (Princeton Instrument, SP2300).
In all our experiments, the effect of light absorption by

solvent molecules during the PL measurements was neglected
as the excitation wavelengths were substantially higher than the
solvent absorption thresholds (typically below 300 nm).
The “graft-from” reactions produced tightly packed “MEH-

PPV brushes”44 because the average tether distance (d; ∼0.54
nm) was smaller than the full length of the MEH-PPV
monomer sidegroup (∼0.9 nm) and substantially below the
radius of gyration (Rg) of the attached MEH-PPV molecules. In
contrast, the “graft-to” reactions yielded lightly tethered
polymer molecules spaced far apart on the substrate (∼6 to
∼40 nm, as controlled by reaction time and molecular size),
and hence, these tethered polymer molecules were regarded as
MEH-PPV pancakes. It may be constructive to point out that
generally it is challenging to probe the monolayer graft in either
the solvent-swollen or dry state due to the tiny sample sizes and
the likelihood of probe-inflicted sample alterations. However,
the molecular conformation and chain packing of the grafted
MEH-PPV can be reliably assumed on the grounds of careful
synthesis and rigorous sample preparation and checked by
detailed characterization, as to be presented in the following.

■ RESULTS AND DISCUSSIONS
Primer Layer. The tether spacing d in the APTMS

monolayer (thickness ∼ 0.7 nm, by SFM) was determined
from measurements of the graft amount of MEH-PPV
monomer, S, in the reaction with the cured APTMS-Si wafer
without the t-BuOK initiator. The graft amount S, determined
from the UV−visible spectra (Figure 1c) via S = A/ε, where A
is the sample absorption and ε is the MEH-PPV monomer
absorption coefficient (ε = 1.76 × 107 mol−1·cm2) measured
separately (inset, Figure 1b), was found to increase almost
linearly with the graft time but saturated at 3.5 × 1014 APTMS
molecules/cm2 after ∼15 min, corresponding to d ∼ 0.54 nm

Figure 3. Characteristics of the MEH-PPV pancake molecules (M = 55 kg/mol) attached in the “graft-to” reaction. (top) Evolution of the graft
surface topography during the graft-to reaction (c = 2.5 mg/cm3, in air; scan size: 20 μm × 20 μm, maximum topographic height: 3 nm). (bottom
left) Grafted amount and the tether spacing as a function of reaction time; (bottom right) PL spectra of the free MEH-PPV polymers (M = 16 and
55 kg/mol) in solution, showing that MEH-PPV was stable during the reaction at 70 °C.
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(Figure 1d). This graft density is in good agreement with the
reported maximum silane tether density on a Si-wafer of 5.0 ×
1014 molecules/cm2.36,42

Brush Molecules. As seen in the SFM images of the dried
sample (Figure 2a), the topography was smooth for short
reaction times. As the molecules increased in length, small
bumps started to emerge and gradually increased in lateral size
with time, to ∼0.1 − ∼2 μm at 24 h. As discussed by Siqueira et
al.,26 these bumps likely resulted from local “bundling” of the
longer brush molecules upon drying with the bump size
correlated with the molecular length.
Since they grew from the continuous seeding monolayer (see

Experimental Section, Substrate Priming), the brush molecules
were expected to form a continuous graft layer soon after the
very beginning of the graft-from reaction. The graft film was
extraordinarily hard and tough, as discovered by mechanical
scratching, implicating the tight molecular packing. The molar
mass was estimated from the thickness (τ) of the dry graft layer
and the graft density (d = 3.5 × 1014 chains/cm2) on the
assumption that the occupied volume of each brush molecule
could be approximated as that of a free molecule (the Gaussian
chain) of the same molecular length based on the fact that the
molecules may relax somewhat when dried relatively slowly.
For simplicity, a constant overlap concentration c* (∼5 wt %)
of MEH-PPV was used. The molar mass was estimated to be
∼63 kg/mol for 3 h at 70 °C (τ = 52 nm) and reach 180 kg/
mol after the second-step polymerization (Figure 2b). The
estimated M increased approximately linearly as τ increased,
with a slope of ∼800 g·mol−1 nm−1 that was ∼2× the ideal
value for upright brushes. It indicates that the brush molecules,
when in the dry state, were partially relaxed, grouped locally,
forming “molecular bundles” and lying down ∼60° (∼cos−1(1/
2)) from the vertical in random azimuthal directions. Despite
being a reasonable assumption, the Gaussian approximation for
the molecular volume possibly led to a certain degree of
overestimation and, hence, to underestimated molar masses.
Were that to be the case, the dry brush molecules would in
reality lay down with an angle greater than 60° to the substrate
normal. Although the brush molecules deviated substantially
from the uptight geometry, they were still constrained within
the “bundles” by the neighboring molecules tethered on the
substrate.
Pancake Molecules. At the beginning of the graft-to

reaction, tiny bumps appeared on the SFM topography of the
dried samples. Each of these bumps contained, on average,
∼70−100 molecules (M = 16 kg/mol) or ∼200−300 molecules
(M = 55 kg/mol), as estimated from their sizes (Figure 3
(top)). As the reaction proceeded further, the bumps increased
in population, gradually connected together, and later covered
the whole surface. Eventually, the topography eventually
became smooth and uniform, believably due to the removal
of the trapped nongrafted molecules when grafting was still
occurring at any available sites. The graft amount and tether
spacing d were determined from the bearing ratio of the SFM
topography (for early stage samples) or layer thickness (for
complete layers). For the M = 55 kg/mol MEH-PPV, the tether
spacing d ranged from 7 nm to ∼40 nm (Figure 3, bottom left)
for which the lower bound (d ∼ 7 nm) was comparable to the
size of the swollen molecules in the solution. Similar behavior
was observed for the 16k MEH-PPV, where d ranged from ∼6
nm to ∼15 nm (not shown). Generally, the grafting rates were
higher for more dilute polymer solutions (e.g., 0.06 mg/mL),

implying the operation of a molecular crowding effect near the
substrate during grafting.

Effects of Si-Wafer Substrate on PL. The influences of
exciton quenching at the MEH-PPV/Si-wafer heterojunction
and PL absorption by the Si-wafer were examined by
performing an auxiliary experiment using spin-coated ultrathin
(ca. 15−17 nm) MEH-PPV films on various substrates when
the PL spectra were taken: (a) Si-wafer, (b) glass slide, (c) Si-
wafer coated with a thick polystyrene (PS, ca. 150 nm), and (d)
glass slide attached to a reflective metal plate.
It was found that the wavelength of the PL peak (λp) was

independent of the substrate except a small shift (∼20 nm) of
λp to the shorter wavelengths (blue shifting) when the substrate
was changed from Si-wafer to glass slide (Figure S4, Supporting
Information). The small shift of λp is believed due to the slight
variation in molecular packing engendered during spin coating
of the films by the small difference in the Hamaker constant
between the substrates.17,18

In contrast, the PL intensity depended strongly on the
substrate. Firstly, on a glass slide that absorbed light negligible
in this visible spectral range, the PL intensity of the film
doubled approximately when a reflective metal plate was
attached to the backside of the substrate (Figure S4, Supporting
Information). It indicates the nearly full recovery of the ∼50%
PL loss through the backside by the reflective plate. Since the
bandgap of the glass slide (∼9.0 eV) is substantially greater
than that of the MEH-PPV film (2.34 eV), there was no
heterojunction quenching,11 and thus, the PL intensity of the
film on glass/metal plate represented the genuine PL behavior
unaffected by transmission loss, substrate absorption, and
heterojunction quenching.
Secondly, as a Si-wafer was used instead of the glass/metal

substrate, the PL intensity plunged ∼90% (Figure S4,
Supporting Information). The plummet, obviously, was due
to quenching at the heterojunction where within the diffusion
length (∼15−30 nm) excitons were torn apart by the electric
field built by the smaller bandgap of the Si-wafer (1.12 eV)
relative to the film.11,18 When the optically inert thick PS layer
was inserted between the film and the Si-wafer, the quenching
was removed substantially. The PL intensity returned to what
approximately corresponding to that on the glass/metal plate
(Figure S4, Supporting Information). It also indicates that PL
absorption by Si-wafer was comparable to that by glass slide
and thus negligible.
Therefore, PL absorption by Si-wafer substrate was neglected

throughout this work, while heterojunction quenching was
always considered carefully, particularly when samples of
substantial height differences were compared for the PL
intensities.

PL of the Brushes. The PL spectrum of the brushes in the
dry state was found constructed by a broad peak that was
shifting to longer wavelengths (red-shifting) for increased chain
length (e.g., from λp ∼ 434 nm for M = 63 kg/mol to λp ∼ 550
nm for M = 182 kg/mol, Figure 2c). When the brushes were
transferred from the dry state to submergence in a good solvent
(such as THF), a small, negligible red shift (less than ∼10 nm)
was observed (Figures 2d,e). The red shift increased somewhat
(∼15 nm) for poorer solvents (methanol, MeOH). As
illustrated, these shifts were reversible upon solvent switch or
transferring between the dry and the solvation states. It was
thus inferred that, on the length scales concerning the radiative
energy propagation, the physical constraints imparted to the
brush molecules were effective enough so that only minimal

ACS Photonics Article

dx.doi.org/10.1021/ph500261f | ACS Photonics 2015, 2, 33−4237



conformation alterations were produced upon the drastic
change from solvation to dry state. On the other hand, the
molecules under the constraints were mobile enough for the
hysteresis-free, highly reversible spectral changes to occur
during the drying/soaking cycles or solvent switches. It hence
indicates that nonpermanent, minor alterations in the
conformation or packing (such as “bundling” as discussed
above) may still proceed under the confinement within the
brushes. Given this, the possibility of instigation by semi-
permanent large-scale ordering, such as crystallization or
“molecular aggregates” (which tend to give rise to red shifts,
nevertheless), in the PL changes induced by the dry/soaking
cycles can be reasonably ruled out.
For comparison, pristine MEH-PPV solid films emit light

with a main peak at 570−590 nm (intrachain emissions),
coupled with a secondary peak (or a shoulder) at ∼590 nm
(interchain emissions), and a minor component at ∼640 nm
owing to excimer emissions.16−18,25,50,51 For dilute solid
solutions (single molecules embedded in inert solid matrix),
λp is generally observed at ∼550 nm.52 In contrast to the
dimunitive M dependence of solid films for M > ∼50 kg/mol,
the brush molecules illustrated a clear M dependence of λp in
the M range explored here (up to 182 kg/mol; Figure 5e). The
dependence, λp ≈ βM2, mimicked the electron-in-a-box
model,11 if the molar mass was scaled as the dimension (l) of
the box with the energy levels defined as En = (ℏ2/
(2m*))((nπ)/l)2, where m* is the effective electron mass and
n is a positive integer. However, the large blue shifts relative to
those of the solid films and solutions (e.g., Δλp ∼130 nm for
55k MEH-PPV, Figure 3) implies the substantially shorter
conjugation lengths for the brush molecules than hinted by the
molar masses and thus indicates further investigation is
necessary.

The large blue shifts of the brushes relative to free molecules,
nevertheless, may be related to the steric hindrance operative
during the graft-polymerization. Since the tether spacing (d ∼
0.5 nm) was significantly smaller than the side-group dimension
of the monomer (∼0.9 nm), a sizable portion of monomer
misalignments in the growing chains was trapped, disrupting
the π-conjugation and leading to short conjugation lengths. As
the chains extended farther away from the substrate, the steric
hindrance decreased progressively, as manifested precisely by
the redder emissions of the longer brush molecules.

PL of the Pancakes. For tether spacings substantially
greater than the MEH-PPV molecular dimensions, the PL
spectra of the solvent-swollen samples were very similar to
those of the free polymers of the same molar masses in the
solutions (Figure 4b,c). This is consistent with the molecular
attachment process believably operative in the graft-to reaction
and is in good agreement with the fact that the graft density was
found limited by the macromolecule size. In contrast to the
brush molecules, the PL spectra exhibited a remarkable blue
shift and an increase of PL intensity when dried in air. The
spectral shift strongly depended on tether spacing d (Figure
4a). For example, for the M = 55 kg/mol polymer, λp shifted
from 550 nm (in toluene) to 460 nm (d = 10 nm), 455 nm (d =
14.5 nm), 452 nm (d = 20 nm), or 434 nm (d = 28 nm).
Similarly, for M = 16 kg/mol, λp moved from 470 nm (in
toluene) to 434 nm (d = 6 nm), 420 nm (d = 9 nm), or 410 nm
(d = 15 nm). The shifting and the intensity variation were fully
reversible upon resubmergence (Figure 4b). Furthermore, the
blue shift was dependent on the solvent evaporation rate in that
it decreased when solvent evaporation was substantially slowed.
For example, λp moved to 490 nm (d = 10.5 nm, M = 55 kg/
mol, Figure S4, Supporting Information), rather than 460 nm
for the quickly dried (Figure 4c). In addition to the λp shift, the
PL spectra broadened upon drying, indicating a wider and more

Figure 4. PL spectra of the pancake molecules. (a) PL spectra of the pancakes (M = 16 kg/mol) with various tether spacing ds. (b, c) PL spectra of
the pancakes transported between the dry and solvent-swollen state for M = 16 and 55 kg/mol. (d) The confocal PL spectra as a function of drying
time of the slowly dried pancakes (M = 55 kg/mol).
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complicated distribution of the conjugation lengths in the dried
pancake molecules.
The drying-induced spectra changes were attributed to the

effects of mechanical stretching triggered by molecular
contraction during the rapid solvent evaporation. The rapid
molecular contraction under the influence of substrate
anchoring gave rise to changes in molecular conformation as
well as the rise of mechanical stress operative on the molecular
strands, producing the blue shifts and the PL enhancements.
The increase of PL intensity was in the order of 2−4-fold
(Figure 4b,c) when compared with that in the solvent-swollen
state. However, the PL behavior in the solvent-swollen state
was strongly influenced by solvent plasticization so that exciton
trapping may have been substantially reduced to obscure the
comparison to that in the dry state. As will be detailed in the
next section, the stress-induced PL enhancements were far
more massive when dry samples were compared.
In order to study the process of PL measurement alterations

during drying, an in situ PL experiment was undertaken where a
wet sample was drying slowly between glass plates (right,
Figure 1b) while being probed by a 473 nm laser in the
confocal micro-PL spectrometer. It was found that the PL
intensity decreased progressively as solvent evaporated (Figure
4d), indicating the decrease of the plasticization effect and the
shift of photoexcitation threshold to beyond λ = 473 nm. This
was despite the increase of both the excitation and detection
efficiencies, arising from the drying-induced molecular align-
ment toward the substrate perpendicular to the beams.
Moreover, during the drying no new PL peaks were arising
and the main peak (at λp = 550 nm) was not shifting. Only
when the pancakes were nearly dry, a new peak emerged,

replacing the diminishing main peak (Figure 4d). It suggests
that the variation of the absorption and emission was of a
discontinuous nature, mimicking a bistate discrete transition.

Effects of Segmental Stretching. The effect on PL
intensity by mechanical stretching upon drying was further
examined by comparing the dry samples (the pancakes and
brushes) of different ds but of the same molar mass. It was
found that, for M = 16 kg/mol, the PL intensity per MEH-PPV
molecule increased approximately 175-fold as d increased from
0.5 to 14.5 nm (Figure 5a). For M = 55 kg/mol, it increased
approximately 73-fold for d increasing from 0.5 to 28 nm
(Figure 5b).
Clearly, these enormous PL enhancements were not due to

any dipole realignment engendered by varying d, because the
contribution of the latter was quite small, to be below ∼1.5-
fold, calculated from (1 + sin2 θ)/cos2 θ for the extreme case of
dipoles alteration from perfect upright to totally lying down
(see section 5, Supporting Information) where the beam
incident angle θ was 45° (Horiba spectrometer, Experimental
Section). Neither were due to the “molecular aggregation”
because red shifts, instead of the blue shifts, would have been
observed.7,18 Furthermore, similar to the brush MEH-PPV, the
facile cycles of drying and resoaking leading to the fully
reversible PL shifting (Figure 4b,c) were sufficient to preclude
any major role of semipermanent, intersegmental bondings in
the drying of the pancake molecules.
Analogous to the mechanical forces induced in the solution

casting of ultrathin polymer films that “squeeze” the giant
molecules into dimensions smaller than the molecular
sizes,22,23,53,54 substantial mechanical stresses were present in
the MEH-PPV pancakes dried on the substrate on which the

Figure 5. PL spectra of the MEH-PPV pancakes and drop-coated films. (a, b) Mass-normalized for the pancakes for various tether spacings ds
annotated with the PL intensity Ip for M = 16 kg/mol (a) and M = 55 kg/mol, (b) the peak-normalized, please see Supporting Information, section
6. (c) Peak-normalized spectra of drop-coated MEH-PPV (M = 55 kg/mol) for various concentrations. (d) Mass-normalized spectra of drop-coated
MEH-PPV from the very dilute solution (c = 250 ng/mL) before and after solvent annealing.
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rapid lateral retraction of the molecules gave rise to molecular
kinks and the stretched chain segments. The π-conjugation was
disrupted at these kinks resulting the blue shifts while the
mechanical stretching of the molecular segments between them
produced the enhanced PL emissions.16−18 The increase of the
blue shift with tether spacing indicates that the molecular
contraction was influenced by the neighboring chains even for
the pancakes. Obviously, the smaller grafting density, the closer
the molecule can get to a more unperturbed retraction, hence
leading to shorter conjugation lengths and stronger PL
emission enhancements in the dry state (Fig. 5a). Moreover,
the dependence of the blue shift on solvent evaporation rate
suggests the possibility of controlling the formation of these
molecular kinks via manipulation of the drying-induced
molecular movements.
The massive PL enhancements by drying unveiled yet

another important effect of the mechanical stress. As discussed
in the above that the Si-wafer was a strong exciton quencher for
the MEH-PPV samples thinner than exciton diffusion length
∼30 nm,11,18 the PL of the dry pancake molecules (τ < 2 nm)
would have been quenched much more substantially compared
to that for the equivalent dry brushes (τ ∼62 nm for M = 55
kg/mol, Figure 2b). The fact that the dry pancakes emitted
about 2 orders brighter than the brush molecules indicates that
mechanical stretching had substantially decreased this quench-
ing effect. This observation is in excellent agreement with the
emission behavior of the stretched MEH-PPV molecules in the
residual monolayer (∼2−3 nm thick) produced by dewetting
on the Si-wafer.18

Free Molecules under Mechanical Stresses. The drying-
induced effects were also investigated for the untethered free
molecules (M = 55 kg/mol) prepared by drop-coating on a Si-
wafer. The PL spectra of the samples prepared from the
concentrated solutions (c > c* or c ∼ c* = 5 × 10−2 mg/mL)
were similar to that of pristine solid films (λp ∼ 585 nm), red-
shifting slightly relative to λp ∼ 560 nm of the solvent-swollen
polymer (Figure 3), consistent with the fact that the solvated
molecules in the concentration solution were interpenetrating
and dried as an entangled molecular network. Isolated MEH-
PPV macromolecules were deposited on the Si-wafer when the
concentration in the solution was reduced 5 orders of
magnitude to substantially below c* (i.e., c = 250 ng/mL).
The spectrum was blue-shifted ∼90 nm relative to the solutions
to ∼470 nm (Figure 5c). The peak position was comparable to
those of the dried pancakes (∼455 nm), indicating that the
segmental stretching from the rapid solvent loss was similar to
that in the dried pancakes. Finally, for samples prepared from
the intermediate concentrations (2.5 × 10−7 mg/mL < c < 2.5
× 10−2 mg/mL), a broadened peak ranging from ∼470 nm to
∼585 nm was observed (Figure 5c), while the morphology
under the confocal microscope and SFM revealed the
coexistence of those corresponding to both the concentrated
and the dilute solutions.
For the drop-coated, untethered isolated molecules from the

highly diluted solutions, the mechanical stress may be removed
by solvent annealing. After imbibing the sample in toluene
vapor for 3 h, the PL spectrum red-shifted to λp = 550 nm
(Figure 5d), returning to the emission wavelength reported for
the single isolated MEH-PPV molecules embedded in PS
matrix.52 Concomitantly, a decrease of PL intensity by a factor
of 15 was observed. Obviously, these were caused by the release
of the mechanical stresses exerting on the molecular segments,

in excellent agreement with the previous results of the tethered
molecules.
Clearly, the brush molecules were confined by their

neighbors anchored at merely one end-point on the substrate,
and the constraints, although large enough to contain the
solvent plasticization effect, were not sufficient to support
strong stresses for suppressing the electron−phonon inter-
actions, rendering them mechanically relaxed and highly
susceptible to exciton trapping. Therefore, the MEH-PPV
brushes were poor emitters in both the dry and solvent-swollen
state. Conversely, the on-substrate retraction of the pancake
molecules during drying provided opportunities of forming
substrate anchoring spots for the molecular strands via local
monomer pileup or chain entanglements, that may effectively
introduce mechanical stresses to the molecular segments in the
dried molecules to result in greatly enhanced PL efficiencies.
Similar mechanisms were operative for the drop-coated isolated
molecules. Finally, although both the PL intensity and the
emission colors λps were strongly influenced by mechanical
stresses, the respective interaction mechanisms were discern-
ible, as shown here by the conformation-specific CPs of
pancakes, free molecules, and brushes. Alteration of PL colors
comes along with efficiency enhancements only when the
mechanical stretching has also altered the conjugation lengths.
These observations are consistent with the behavior of
stretched conjugated polymers observed in other systems.16−18

Finally, given the observations presented in the above on the
PL behavior of conformation-controlled MEH-PPV molecules
in both the solutions and dry states, the dramatic effects on
polymer photonics due to changes of the mechanical state have
been clearly unveiled. The contributions possibly from other
factors (e.g., substrate absorption, segmental anisotropy,
molecular aggregation, and crystallization), as discussed in the
preceding sections, were carefully examined and properly
attributed. In this, the effect of substrate absorption of the light
had been shown to be negligible (please see Supporting
Information, section 3, for further information), and the
influences of chain alignment (arising from changes induced
during the dry/soaking transition) relative to the excitation and
collection beam were analyzed and determined to be
insignificant (please see Supporting Information, section 5,
for further information). Furthermore, the reversibility of PL
variations induced in the dry/soaking cycles clearly unveiled the
insignificance of the effects arising from strong segmental
aggregation or chain crystallization. Careful control over the
molecular conformation and chain packing via designed
polymer synthesis and well-managed soaking and drying
processes had provided the opportunity for these important
mechanical stress effects to be observed.

■ CONCLUSIONS
In conclusion, PL emission of conjugated polymers is highly
dependent on the state of mechanical stresses operative in the
molecular segments. As shown by the dry pancakes and drop-
coated single molecules, mechanical stress may suppress
exciton−phonon coupling, giving rise to significantly enhanced
optoelectronic efficiencies. Mechanical stress may also reduce
exciton quenching at a heterojunction where a large built-in
electric field is operative. Clearly, mechanical stress plays a
fundamental role in the optoelectronic behavior of conjugated
polymers and hence should be taken into account in the design
and manufacturing of the polymer-based optoelectronic
devices.
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