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ABSTRACT: We employ photoluminescence (PL) spectroscopy on individual
nanoscale aggregates of the conjugated polymer poly(3-hexylthiophene), P3HT, at
room temperature (RT) and at low temperature (LT) (1.5 K), to unravel diﬀerent
levels of structural and electronic disorder within P3HT nanoparticles. The aggregates
are prepared by self-assembly of the block copolymer P3HT-block-poly(ethylene glycol)
(P3HT-b-PEG) into micelles, with the P3HT aggregates constituting the micelles’ core.
Irrespective of temperature, we ﬁnd from the intensity ratio between the 0−1 and 0−0
peaks in the PL spectra that the P3HT aggregates are of H-type nature, as expected
from π-stacked conjugated thiophene backbones. Moreover, the distributions of the PL
peak ratios demonstrate a large variation of disorder between micelles (inter-aggregate disorder) and within individual aggregates
(intra-aggregate disorder). Upon cooling from RT to LT, the PL spectra red-shift by 550 cm−1, and the energy of the (eﬀective)
carbon-bond stretch mode is reduced by 100 cm−1. These spectral changes indicate that the P3HT backbone in the P3HT-b-PEG
copolymer does not fully planarize before aggregation at RT and that upon cooling, partial planarization occurs. This intra-chain
torsional disorder is ultimately responsible for the intra- and inter-aggregate disorder. These ﬁndings are supported by temperaturedependent absorption spectra on thin P3HT ﬁlms. The interplay between intra-chain, intra-aggregate, and inter-aggregate disorder is
key for the bulk photophysical properties of nanoparticles based on conjugated polymers, for example, in hierarchical (super-)
structures. Ultimately, these properties determine the usefulness of such structures in hybrid organic−inorganic materials, for
example, in (bio-)sensing and optoelectronics applications.

■

INTRODUCTION
Nanoparticles based on conjugated polymers attract signiﬁcant
attention owing to their potential applications in (bio-)sensing,
(bio-)imaging and hybrid organic−inorganic opto-electronics.1−3 Such nanoparticles can also be used as building
blocks for the self-assembly of hierarchical structures with
tailored properties, for instance, for eﬃcient hole and electron
transporting layers in organic (hybrid) solar cells or for larger
functional (super)structures on a meso- and macroscopic
scale.3,4 Interesting properties of nanoparticles emerge upon
self-assembly from amphiphilic block copolymers, with one
block being a conjugated polymer, like the prototypical poly(3hexylthiophene), P3HT, and a second block being a polar
polymer, such as poly(ethylene glycol) (PEG). While P3HT
possesses characteristic semiconducting properties with a band
gap of around 2 eV corresponding to the photon energy in the
visible spectral range,5 the PEG block is able to coordinate
metallic or inorganic semiconductor nanoparticles.4 The
resulting hybrid nanoparticles are highly interesting for
optoelectronic applications.3,4 Yet, their successful exploitation
requires a clear understanding of the electronic and photophysical properties of the (aggregated) conjugated polymer
block, which plays a key role for the overall functionality of the
nanoparticles.
© 2021 The Authors. Published by
American Chemical Society

We study single nanoparticles that are self-assembled from a
P3HT68-b-PEG454 block copolymer into nanoscale spherical or
oval micelles in aqueous solution (Figure 1a,b). The micelles’
core comprises P3HT aggregates with a size of about 25 nm
that form via π-stacking of the thiophene backbones; the PEG
block forms a disordered corona around the P3HT core.6 We
chose P3HT-based block copolymers because this conjugated
polymer is the fruit ﬂy in the ﬁeld and its photophysical
properties, when molecularly dissolved and aggregated, are well
established.7−20 Hence, spectral features can be related to
structural and electronic properties of P3HT nanoparticles
(here, the micelles’ P3HT core). Although nanoparticles and
nanoﬁbers self-assembled from P3HT homopolymers were
extensively investigated in the past,21−23 the focus of that
previous work was mainly on revealing the interplay of
electronic coupling along thiophene backbones (intra-chain)
and between π-stacked backbones (inter-chain) within selfReceived: September 23, 2021
Revised: November 8, 2021
Published: November 19, 2021

10165

https://doi.org/10.1021/acs.jpca.1c08377
J. Phys. Chem. A 2021, 125, 10165−10173

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Article

Figure 1. (a) Chemical structure of the P3HT-b-PEG block copolymer (n = 68; m = 454). (b) AFM image of P3HT-b-PEG micelles formed in
aqueous solution (left) with an illustration of the aggregated P3HT core (right, blue) and the disordered PEG corona (black). The AFM image was
adapted with permission from ref 6. Copyright 2016 American Chemical Society. (c) UV/vis absorption spectra of the P3HT-b-PEG block
copolymer and a P3HT homopolymer dissolved in the “good” solvent chloroform (black solid and dashed), as well as of P3HT-b-PEG micelles in
aqueous solution (red).

assembled nanostructures.24−30 If intra-chain coupling dominates, the nanostructures are of J-type and feature photoluminescence (PL) spectra that possess a more intense
electronic 0−0 peak relative to the 0−1 peak.24,27,31 In
contrast, dominating inter-chain coupling results in Haggregated nanostructures that show PL spectra with a
suppressed 0−0 peak.24,26,27 By controlling the processing
conditions, the molecular weight, polydispersity, and/or
regioregularity of P3HT, the ratio between intra- and interchain coupling could be changed, resulting in transitions
between J-type and H-type behavior.24,26,27 However, the
impact of the diﬀerent sources of structural, and consequently,
electronic disorder on the photophysics of P3HT-based
nanostructures has not been studied in detail yet.
Here, we investigate the interplay between intra-chain, intraaggregate (or inter-chain), and inter-aggregate disorder in
nanoscale P3HT aggregates within the core of single P3HTblock-PEG (P3HT-b-PEG) micelles using PL spectroscopy at
room temperature (RT) and at low temperature (LT) (1.5 K),
in combination with temperature-dependent absorption spectroscopy on a thin P3HT ﬁlm. We ﬁnd that in the micelles’
P3HT core, exclusively H-aggregates are formed by torsionally
disordered chains within a π-stack. This intra-chain disorder
gives rise to substantial intra-aggregate disorder within the
micelles’ core and inter-aggregate disorder between micelles.
The changes of spectral parameters upon cooling are
consistent with H-type aggregation and indicate partial
planarization of the P3HT backbones, that is, a reduction of
(torsional) disorder, at LT.

deﬁned rate until a volume ratio MeOH/THF of 9:1 (vol/vol)
was obtained, which led to a color change to violet,
characteristic of aggregation of P3HT. Since MeOH is a
“poor” solvent for the P3HT block, it minimizes contact with
MeOH by dense π-stacking, while the PEG block forms a
disordered corona around this P3HT core (Figure 1b). To
stabilize the micellar structures, a solvent exchange from
MeOH/THF to deionized water was performed by dialysis.
The ﬁnal concentration of this aqueous solution was 0.1 mg/
mL, which served as stock solution for our optical experiments
(see below). The micelles are mostly spherical (sometimes
oval) with an average total diameter of 35 nm, as measured by
atomic force microscopy (AFM) (Figure 1b). The average
diameter of the P3HT core was determined by cryo-TEM to
be 26 nm.6 For further details on the preparation protocol and
structural characterization of the micelles, see ref 6.
For PL spectroscopy on (single) micelles, we employed a
home-built confocal microscopy setup including a liquidhelium bath cryostat, as described in detail recently.19,20
Brieﬂy, the micelles were excited at the absorption maximum
of the crystalline P3HT core (532 ± 2 nm, Figure 1c) by a
super-continuum ﬁber laser (Fianium SC400, NKT). The
excitation light was cleaned up by a bandpass ﬁlter (532/10,
AHF), was attenuated by a variable optical density ﬁlter,
passed a spatial ﬁlter, and was focused onto the sample by an
objective (NA = 0.85, Edmund Optics) that was mounted
inside the bath cryostat. To excite the isolated micelles, the
excitation beam was scanned across the sample using a
motorized scan mirror combined with two telecentric lenses.
The PL was collected by the same objective, passed long pass
ﬁlters, and was focused onto the entrance slit of a spectrograph
(Acton SP2150, Princeton Instruments) equipped with a
scientiﬁc CMOS camera (Zyla 4.2, Andor) or an emCCD
camera (iXon, Andor). Measurements as a function of the
excitation polarization were performed by ﬂipping a motorized
half-wave plate into the excitation path; for all other
measurements, a quarter-wave plate was used to excite with
circularly polarized light. For spectroscopy of single micelles,
we diluted the stock solution 1:300 (vol/vol) in deionized
water. About 5 μL of this dilute solution was dropped on a
glass substrate (Spectrosil 2000), which was immediately
covered by a microscopy cover slip (UQG Optics). This

■

MATERIALS AND METHODS
The synthesis of the P3HT-b-PEG block copolymer involves
coupling of P3HT-alkyne and PEG-N3 blocks, which was
described in detail recently.6 Here, we use the block copolymer
with n = 68 repeating units for the P3HT block (Mn = 11.4
kDa, MALDI-ToF; 17.7 kDa, SEC) and m = 454 for the PEG
block (Figure 1a). The regioregularity of the P3HT-alkyne
precursor was 96%. For the preparation of micelles, P3HT-bPEG was dissolved in tetrahydrofuran (THF), which yielded a
clear orange color indicating non-aggregated P3HT chains in
solution. Subsequently, methanol (MeOH) was added at a
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Figure 2. (a) PL spectra of single P3HT-b-PEG micelles, cast from aqueous solution on substrates, at RT (red) and at LT (1.5 K, blue). (b)
Histogram of the inverse emission peak ratio 1/Rem = I01/I00, with I0i (i = 0,1) being the integrated intensity of the 0−i transition of the PL spectra.
(c) Distributions of the 0−i (i = 0,1,2) PL peak positions. (d) Distribution of the vibrational energies, that is, the energy diﬀerence between the 0−
0 and 0−1 PL peak positions. In (b−d), red bars display data from RT spectra, and the blue bars represent data from LT spectra.

the spontaneous emission process. To ﬁt the absorption
spectra, we followed the approach put forward by Spano and
co-workers and used a modiﬁed Franck−Condon progression
described in refs 11 and 32

sample was mounted in the cryostat that was purged with
helium gas for RT measurements or was cooled to 1.5 K by
immersion in liquid helium.
For the preparation of P3HT thin ﬁlms, regioregular
P3HT15 with a molecular weight of Mn = 7.1 kDa (MALDIToF; Mw = 12.5 kDa, SEC) and a polydispersity index of 1.11
was dissolved in THF at a concentration of 2.0 mg/mL. The
thin ﬁlm was spin-coated under ambient conditions at 2000
rpm, after casting 70 μL on a glass substrate. Based on the
optical density of the thin ﬁlm (Supporting Information, Figure
S6) and the absorption coeﬃcient of P3HT,13 the thickness of
the ﬁlm was estimated to be around 20−30 nm.
Temperature-dependent absorption measurements of P3HT
thin ﬁlms were performed in a home-built setup. The sample is
placed in a temperature-controlled continuous-ﬂow helium
cryostat (Oxford Instruments). A tungsten lamp is used as a
white light source for absorption measurements. The transmitted light is detected using a spectrograph (Shamrock
SR303i) connected to a CCD-Camera (iDus DU420a-OE,
Andor). The temperature-dependent absorption spectra were
oﬀset-corrected by subtracting a spectrally constant oﬀset (see
Figure S6a for the as-measured absorption spectrum at 300 K).
Fitting of spectra was performed by home-written scripts. PL
spectra of micelles were ﬁtted by a sum of two Gaussian
functions to retrieve the integrated PL peak intensities and the
spectral positions and line widths of the peaks. The ﬁts are
weighted by E3 to account for the energy (E) dependence of

i Sm yji
We−S zyz
IAbs(ℏω) ∝ (n·ℏω) ·∑ jjj e−S zzzjjj1 −
Gmz
2ℏωm zz{
{jk
m k m!
·Γ·δ(ℏω − (ℏω0 + mℏωm))

2

(1)

with
Gm =

∑k ≠ m S k
k ! (k − m )

(2)

Here, n is the refractive index at photon energy hℏω, S is the
Huang−Rhys parameter of non-interacting chains, m and k are
quantum numbers of the dominant (eﬀective) carbon-bond
stretch vibration with energy hℏωm, hℏω0 is the energy of the
lowest-energy A1 transition, and W is the free exciton
bandwidth. Γ is a Gaussian line shape function with line
width σ to account for inhomogeneous line broadening, and δ
is the delta-distribution (see Supporting Information, SI,
Figures S1 and S6).

■

RESULTS AND DISCUSSION
Absorption Spectra of Micelles in Solution. Figure 1c
shows RT absorption spectra of the dissolved P3HT68-b-
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disorder is much larger than the electronic coupling between
P3HT chains, and the emitting exciton becomes strongly
localized on very few adjacent P3HT chains along a π-stack.
The inverse emission peak ratio 1/Rem of PL spectra of
aggregates is then identical to that of isolated, non-interacting
chains, which, in turn, is quantiﬁed by the Huang−Rhys
parameter S. For the analysis of the PL spectra in this present
work, this implies, on the one hand, that the inverse emission
peak ratio determined from the PL spectrum of a single micelle
is a direct measure for (structural and electronic) intraaggregate disorder of its H-aggregated P3HT core. On the
other hand, if inter-aggregate disorder is present, the PL
spectrum of each micelle will yield a speciﬁc 1/Rem value,
characteristic of the speciﬁc degree of disorder in its core. The
width of the distribution of 1/Rem values from PL spectra of
diﬀerent micelles thus provides a measure for inter-aggregate
disorder (Figure S5).
The histograms of the inverse emission peak ratios
determined from the RT and LT spectra are shown in Figure
2b as red and blue bars, respectively. The distributions of 1/
Rem range from 1.0 to 2.0 (RT) and 0.6 to 2.6 (LT). The
smaller width of the RT histogram may be related to the
smaller number of investigated micelles. Nevertheless, both
distributions are rather broad and thus indicate a strong
variation of disorder from micelle to micelle, that is, a large
inter-aggregate disorder, independent of temperature.
Generally, for all PL spectra at RT and for most PL spectra
at LT, we ﬁnd 1/Rem > 1. For those micelles, the 0−1 PL peak
dominates in the PL spectrum as expected for H-aggregated
P3HT. Yet, each P3HT core still features substantial intraaggregate disorder since the 0−0 PL peak is not entirely
suppressed in the spectra of single micelles. In the LT
histogram, we ﬁnd a few 1/Rem values as small as 0.6, that is,
the PL spectra of those micelles possess a dominating 0−0 PL
peak. This latter shape of the PL spectra is often associated
with J-aggregate behavior in P3HT-based nanoﬁbers and
nanoparticles.24,26,30,31 We note, however, that those small
inverse emission peak ratios are essentially identical to the
Huang−Rhys parameter of S = 0.7 for isolated, non-interacting
P3HT chains with disordered conformation that we recently
determined by single-molecule PL spectroscopy.20 In other
words, for J-type behavior, 1/Rem values must be clearly below
0.7. Therefore, we attribute the LT PL spectra with 1/Rem < 1
to originate from H-aggregated P3HT cores of micelles with a
very high degree of intra-aggregate disorder. In this situation,
the emitting excitons are strongly localized on very few
adjacent P3HT chains along a π-stack of the aggregate (Figure
S5). This disorder-induced localization of emitting excitons
results in “single-chain-like” shapes of PL spectra with a
dominating 0−0 PL peak and 1/Rem ≈ S. We recently observed
a similar behavior in H-type nanostructures based on a small
organic molecule, in which ‘monomer-like’-like PL spectra
resulted from emitting excitons localized on only ∼2 adjacent
molecules.38
We suggest that the large degree of inter- and intra-aggregate
disorder in the micelles’ cores both at RT and LT, evident
from the distributions in Figure 2b, has its origin in the substructure of the P3HT core. From scattering experiments on
P3HT nanoﬁbers, nanoparticles, and semi-crystalline ﬁlms, it is
known that those systems comprise diﬀerently oriented
crystallites with a size of 6−9 nm in the π-stacking direction
(b-axis), about 8−25 nm along the direction deﬁned by the
conjugated P3HT backbone (c-axis), and 8−13 nm along the

PEG454 block copolymer (solid black) and, for comparison, of
a regioregular (>98%) P3HT homopolymer with 144 repeating
units (dashed black). Both spectra were acquired from
chloroform solution, a “good” solvent for P3HT. We ﬁnd
nearly identical, broad, and structureless spectra with maxima
around 22 000 cm−1 (450 nm) that are characteristic for
dissolved P3HT with a disordered conformation.33 The minor
spectral blue-shift of the P3HT-b-PEG absorption is likely
related to the presence of the PEG block. This long and polar
PEG block causes a slightly diﬀerent eﬀective refractive index
for the P3HT block in the copolymer and/or might induce
more torsional disorder in the P3HT backbone. The
absorption spectrum of P3HT-b-PEG micelles (Figure 1c,
red) in aqueous solution (0.1 mg/mL stock solution), a “poor”
solvent for P3HT, is substantially red-shifted with respect to
that of P3HT in chloroform, and it features a distorted
vibronic progression. This spectral shape is a clear signature of
H-aggregation of P3HT16,23,24,26,29,32,34 with π−stacked
thiophene backbones within the micelles’ cores. Shoulders/
peaks appear at 16 660 cm−1 (600 nm), 18 130 cm−1 (551
nm), and 19 600 cm−1 (510 nm), labeled Ai (i = 1,2,3) with
increasing energy, which stem from transitions into delocalized
vibronic exciton states characterized by diﬀerent vibrational
quantum numbers n.11,35 In particular, the lowest-energy
(highest-wavelength) transition A1 into the (n = 0) exciton
band has lower intensity with respect to the higher-energy
transition A2 into the (n = 1) exciton band, clearly indicating
H-aggregation.11,35 From a ﬁt with a modiﬁed Franck−
Condon progression (Materials and Methods, and Figure
S1), we obtain a free exciton bandwidth of 710 cm−1, which is
in the range previously reported for aggregated P3HT in ﬁlms
and solutions.8,11,12,16,17,32,34
PL Spectroscopy of Single Micelles. To gain insights
into the interplay of (inter-aggregate, intra-aggregate, and intrachain) disorder in the P3HT aggregates in the micelles’ core,
we diluted the stock solution in deionized water (1:300 vol/
vol) and performed PL spectroscopy on single micelles (Figure
2). In Figure 2a, we show PL spectra of individual micelles at
RT (red) and LT (1.5 K, blue, see also Supporting
Information, Figures S2 and S3). At both temperatures,
emission occurs below a photon energy of about 16 660 cm−1
(above 600 nm) with the LT PL being red-shifted by about
550 cm−1. The double-peak structure of the 0−0 and 0−1 PL
peaks with the (slightly) weaker 0−0 peak compared to the 0−
1 peak is characteristic for emission of aggregated
P3HT.16,17,32,34 For quantitative analysis, we ﬁtted the PL
spectra for in total 33 (RT) and 177 (LT) micelles by a sum of
two Gaussian functions and retrieved the integrated PL peak
intensities, peak positions, and line widths (Figures 2 and S4).
Inverse Emission Peak Ratio: Intra- and InterAggregate Disorder. The degree of intra-aggregate disorder
(within a single micelle’s core) and inter-aggregate disorder
(between diﬀerent micelles) is reﬂected in the distributions of
the inverse emission peak ratio 1/Rem = I01/I00 (Figure S5).16
Here, I01 and I00 are the integrated intensities of the 0−1 and
the 0−0 transitions in the PL spectra. For ideal, disorder-free
H-aggregates at T = 0 K, the 0−0 PL transition is entirely
forbidden (I00 = 0); hence, 1/Rem → ∞ since the wavefunction
of the emitting exciton features perfect symmetry with
alternating phase from chain to chain along the π-stack of an
aggregate.36,37 With increasing intra-aggregate disorder, the
relative 0−0 peak intensity I00 increases, thus 1/Rem decreases,
until the limit of strong disorder is reached. In this limit,
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“alkyl-side-chain” direction (a-axis).22,23,28,31,39 The P3HT
core of our micelles with a size of ∼25 nm might thus
comprise several crystallites along the π-stacking direction with
diﬀerent relative orientations (given the contour length of the
P3HT block of about 26 nm, along the c-axis largely extended
chain crystallites are formed,40 see also Figure 1b, right, and
Supporting Information, Figure S2). Since the disorder can
vary between crystallites within the core of a single micelle and
between the cores of diﬀerent micelles, the large intra- and
inter-aggregate disorder observed here is reasonable.
PL Peak Positions: Intra-Chain Torsional Disorder.
Figure 2c displays the histograms of PL peak positions with red
(blue) bars, representing the RT (LT) data. For 51 out of the
177 investigated micelles at LT, the signal-to-background ratio
was high enough to determine the position of the 0−2 PL peak
as well. At RT, the PL peak positions are distributed around
15 733 cm−1 (635 nm) for the 0−0 transition and around 14
237 cm−1 (702 nm) for the 0−1 transition. At LT, the 0−0 PL
peak positions are spread around 15 178 cm−1 (659 nm), the
0−1 positions around 13 791 cm−1 (725 nm), and the 0−2
positions around 12 426 cm−1 (805 nm). The average spectral
red-shift when going from RT to LT is thus about 550 cm−1.
All distributions of peak positions are relatively narrow with
standard deviations between 50 and 96 cm−1. Since the
emission stems from the lowest-energy vibronic exciton states,
those data indicate that the energy position of the emitting
states (relative to the ground state) is rather well deﬁned for
our system without much inter-aggregate variation.
The positions and (temperature-dependent) red-shift of the
PL spectra of the P3HT-b-PEG micelles follow the general
trend found in the literature for P3HT aggregates.7,11,12,16,24,31,34 The precise numbers, however, depend
on the aggregate formation of P3HT, which in turn depends
sensitively on the sample and preparation conditions
(molecular weight, polydispersity, regioregularity, solvent,
concentration, temperature window, and rate of temperature
change during preparation, etc.12,16,17,24,31,34). At RT, the
mean spectral position of the 0−0 PL peaks of the micelles is
similar to that found for (single) P3HT nanoﬁbers,24,31 but it is
blue-shifted by more than 500 cm−1 with respect to the 0−0
PL peak of (semi-crystalline) P3HT ﬁlms16,34 and of P3HT
aggregates in solution.12 Especially, in ﬁlms of conjugated
polymers, energy transfer toward lower-energy emitting
excitons can lead to more red-shifted PL.9,12,41−43 However,
given typical exciton diﬀusion lengths of around 8 nm for
P3HT44,45 and diameters of the P3HT cores of our micelles of
∼25 nm, energy transfer cannot contribute substantially to
spectral diﬀerences between micelles and bulk ﬁlms. We thus
attribute the spectral diﬀerence between ﬁlms/solutions and
micelles to a higher degree of (structural and electronic) intraaggregate disorder in the P3HT core of the P3HT-b-PEG
micelles compared to the disorder in the crystallites in ﬁlms.
Owing to the long PEG block with 454 repeating units, steric
eﬀects in the micelles’ disordered PEG corona can introduce
strain into the P3HT core, which prevents P3HT chains to
pack in a more ordered fashion. The P3HT block within the
copolymer does not fully planarize before assembly into πstacks, and some remaining intra-chain torsional disorder of
the thiophene backbone prevails9,24 in the aggregated micelles’
core (see also the discussion below). Intra-chain torsional
disorder shifts transition (site) energies of non-interacting
chains to higher energies.20,46−48 Consequently, emitting
exciton states at the bottom of the exciton band in aggregates
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with torsionally disordered constituent building blocks are
blue-shifted as well. Since there are many diﬀerent realizations
of intra-chain torsional disorder, which give rise to broad site
energy distributions,19,46,47 this results ultimately in structural
and electronic intra-aggregate and inter-aggregate disorder.
Having established that the micelles’ cores are formed by
torsionally disordered P3HT chains, we now discuss the origin
of the spectral red-shift of the micelles’ PL by on average 550
cm−1 upon cooling from RT to LT (Figure 2c). A combination
of several eﬀects plays a role for this spectral shift (Figure 3):

Figure 3. Illustration of the contributions to the exciton bandwidth of
the lowest-energy (n = 0) exciton band and the energy position of the
emitting exciton states of P3HT aggregates upon cooling from RT to
LT. (i) P3HT aggregates are assembled from torsionally disordered
chains (top). At RT, emission (solid arrows) stems from thermally
populated exciton states within the (n = 0) exciton band (red),
whereas this thermal population is frozen out at LT (blue), and
emission comes only from the bottom state(s). (ii,iii) Cooling reduces
the distance between chains (top). This increases non-resonant
dispersion interactions between P3HT chains, which shifts the entire
exciton band to lower energies without changing the bandwidth (ii);
this smaller distance additionally increases electronic interactions
between P3HT chains, which widens the exciton band but does not
shift its center energy (iii). (iv,v) Chain planarization toward LT
(top). This decreases site energies of P3HT chains, which further
shifts the exciton band to lower energies (iv); at the same time,
planarization delocalizes intra-chain excitations along chains, which
decreases electronic coupling (exciton bandwidth) due to the H-type
nature of P3HT aggregates (v). Black dashed horizontal lines indicate
the corresponding center energies of the exciton band, and the red
and blue dashed lines mark the (average) energy of the emitting
exciton at RT and LT, respectively. The exciton bandwidth W′ is
related to the free exciton bandwidth W via W′ = We−S, with S being
the Huang−Rhys parameter of non-interacting chains.11 Absorption
occurs into the top state of the exciton bands.

(i) At RT, emission does not only stem from the lowest-energy
exciton state but also from thermally populated higher-energy
vibronic exciton states within the lowest-energy (n = 0)
vibronic exciton band. Cooling to 1.5 K freezes out this
thermal population of higher-energy exciton states, which
accounts for a red-shift of about 200 cm−1,16 corresponding to
the change in available thermal energy. (ii) Thermal
compression of the P3HT core of micelles upon cooling
reduces inter-chain distances and increases non-resonant
dispersion interactions between P3HT chains. These interactions typically shift transition (site) energies to lower
energies, accounting for a red-shift of about 200−250 cm−1
of the entire exciton band and thus of the emitting exciton
states, as estimated by Spano et al.16 (iii) A further
consequence of decreasing inter-chain distances between
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smaller than the value determined for the micelles in aqueous
solution (Figures 1c and S1). Consequently, the inter-chain
electronic coupling must be smaller in the ﬁlm as well. This
reduced coupling can be traced back to the smaller degree of
intra-chain torsional disorder of P3HT chains in ﬁlms, for
which inter-chain electronic coupling is reduced due to the Htype nature of P3HT aggregates, in agreement with the
discussion above.
Returning to the discussion related to the diﬀerent
contributions that impact the free exciton bandwidth upon
cooling, the ﬁlm data clearly show a constant bandwidth
independent of temperature. Hence, all eﬀects impacting on
the bandwidth cancel each other out [eﬀects (iii) and (v)
above]. Assuming that the exciton bandwidth does not change
much for the P3HT aggregates in the micelles’ core, a similar
cancellation of eﬀects takes place and the position of the
emitting excitons at the bottom of the lowest-energy exciton
band cannot be inﬂuenced (much) by contributions (iii) and
(v) either. The only remaining factor is thus contribution (iv),
the red-shift in transition (site) energies due to planarization
(increased intra-chain delocalization) upon cooling, to account
for the remaining 100−150 cm−1 red-shift of the PL of the
micelles.
We emphasize that the chain planarization in the micelles’
core upon cooling is only a small eﬀect. First, even at RT, the
P3HT backbones must be nearly planar since they are densely
packed into aggregates with a reasonably high free exciton
bandwidth (Figure 1c). Moreover, in our recent work, we
studied the transition from a torsionally disordered P3HT
chain, with an average dihedral angle between thiophene units
of 145°, to a fully planarized chain with a dihedral angle of
180° (without inter-chain electronic coupling).19,20 Based on
time-dependent density functional theory calculations, we
estimated that this full planarization gives rise to a spectral redshift of up to 4800 cm−1.19 Hence, the corresponding red-shift
of 100−150 cm−1 reported here can only result from a very
small change in dihedral angles.
Vibrational Energies: Chain Planarization upon Cooling. Finally, a further independent piece of evidence for the
presence of torsionally disordered P3HT chains within the
aggregated cores of micelles and for chain planarization upon
cooling comes from the energies of vibrational modes coupling
to electronic transitions. From the energy diﬀerence between
the 0−0 and 0−1 peaks in the PL spectra of single micelles, we
ﬁnd that at RT, the distribution of vibrational energies is
spread around a mean value of 1496 cm−1, and at LT, it is
distributed around 1387 cm−1 (Figure 2d). The widths of
those distributions are 36 cm−1 (RT) and 50 cm−1 (LT),
respectively. Although both vibrational energies are in
agreement with (aromatic) carbon-bond stretch modes found
for conjugated polymers,12,16,51 the average shift of about 100
cm−1 upon cooling is nevertheless surprising and has, to the
best of our knowledge, never been reported for P3HT. To
understand this shift, it is important to keep in mind that the
0−1 transition in bulk samples (which includes the P3HT core
in our micelles) is an eﬀective transition that results from a
superposition of several individual vibronic lines in the range
from 1300 cm−1 to about 1600 cm−1, as seen in LT singlechain PL spectra.10,19,20 These individual lines cannot be
resolved in bulk samples due to the usually broad spectral lines
(Figure S3). The relative intensities and spectral positions of
individual vibronic lines are known to be very sensitive to
conformational changes of conjugated polymer chains and lead

P3HT backbones toward LT is an increasing electronic
coupling between P3HT chains. Hence, the exciton band
width becomes wider, which further shifts the emitting exciton
states at the bottom of the n = 0 band down in energy. (iv)
Torsionally disordered P3HT chains within the aggregates in
the micelles’ cores (partially) planarize upon cooling.24 For
non-interacting P3HT chains, planarization enhances intrachain delocalization of electronic excitations and shifts
transition energies toward lower energies (Figure S5).19,46
Consequently, in aggregates with more planar chains, the
emitting exciton states are shifted to lower energies as well. (v)
Finally, for increasingly planar conjugated polymer chains with
stronger intra-chain delocalization, the inter-chain electronic
coupling decreases due to the H-type nature of the
aggregates.16,49,50 This reduces the exciton bandwidth and
blue-shifts the emitting exciton states. Taken together, eﬀects
(i) and (ii) account for 400−450 cm−1 of the total spectral redshift of the micelles’ PL spectra of 550 cm−1 upon cooling. The
red-shifting eﬀects (iii) and (iv) compete with the blue-shifting
contribution (v) to account for the remaining temperaturedependent red-shift of 100−150 cm−1. To resolve this
competition, we performed temperature-dependent absorption
spectroscopy.
Temperature-Dependent Absorption of P3HT Films.
Since absorption measurements on ﬁlms of micelles were not
possible due to strong scattering setting in toward LT, we
recorded temperature-dependent absorption spectra from
P3HT ﬁlms with a thickness of about 20−30 nm,
corresponding to the size of our micelles’ P3HT core (see
the materials and methods section). The absorption spectra of
the P3HT thin ﬁlm at RT (Figure 4, red) and LT (5 K, blue)

Figure 4. Normalized absorption spectra of a thin P3HT ﬁlm at RT
(300 K, red) and LT (5 K, blue).

demonstrate its semi-crystalline nature with aggregates of πstacked chains coexisting with disordered (amorphous)
regions;32,34 for the full set of temperature-dependent
absorption spectra, see Supporting Information, Figure S6.
The spectral shape matches qualitatively that of the absorption
spectrum of the micelles in aqueous solution (Figure 1c).
Accordingly, we analyzed the ﬁlm absorption spectra using a
modiﬁed Frank-Condon analysis (see the materials and
methods section and Figure S6). We ﬁnd that the Ai (i =
1,2,3) transitions are located at 16 640, 18 075, and 19 510
cm−1 at RT. Upon cooling, the absorption spectrum shifts to
lower energies by 230 cm−1. Furthermore, we ﬁnd the free
exciton bandwidth to be 200 cm−1 independent of temperature, also being reﬂected in the constant A1/A2 peak ratio, as
shown in Figure 4. While the free exciton bandwidth is still in
the range of values reported for P3HT,8,11,12,16,17,32,34 it is
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to the well-known “missing-mode eﬀect” observed, for
example, for poly(phenylenevinylene) derivatives.52 In that
work, a change in the eﬀective vibrational frequency of about
100 cm−1 was attributed to a substantial intensity change in a
low-energy individual vibronic transition, induced by chain
planarization.52
For P3HT, a combination of intensity and vibrational energy
changes of individual transitions is likely to be responsible for
the shift of the eﬀective vibrational energy in the aggregated
micelles’ cores upon cooling: ﬁrst, the totally symmetric and
strong Я mode, an aromatic CC vibration,53−57 shifts from
∼1470 cm−1 for a non-aggregated (torsionally disordered)
chain to ∼1450 cm−1 in an aggregate51,55,56 (comprising
torsionally less disordered chains). Second, the combined C
C and C−C mode at the hexyl connection of the backbone at
∼1380 cm−1 gains intensity upon planarization.51,56 Finally, at
1624 cm−1, a stretching mode associated with a quinoidal
structure of the P3HT backbone was identiﬁed.58 Since excited
states in torsionally disordered P3HT possess charge-transfer
character,20,48 which implies some degree of quinoidal
character, this 1624 cm−1 mode may be relevant in torsionally
disordered chains. Yet, this mode is suppressed by chain
planarization when the charge-transfer character of excited
states of thiophenes is substantially reduced.20 The combination of those (intensity and energy) changes of individual
vibronic transitions will shift the energy of the eﬀective
vibrational mode to lower energy. This shift in the energy of
the eﬀective vibrational mode supports our notion of
planarization of P3HT chains in the core of the micelles
upon cooling from RT to LT. Ultimately, aggregation of P3HT
with intra-chain torsional disorder contributes to the intraaggregate (and inter-aggregate) disorder in the micelles’ cores
that we identiﬁed above using the inverse emission peak ratio.

Article

on the speciﬁc realization of torsional disorder. The resulting
distribution of site energies translates into aggregates with
electronic intra-aggregate and inter-aggregate disorder. Our
data thus allowed us to disentangle inter-aggregate, intraaggregate, and intra-chain (structural and electronic) disorder
within H-type P3HT aggregates. Understanding this interplay
of disorder is, in combination with electronic interactions
between polymer chains, important to fully characterize the
photophysics of nanoparticles and ultimately determines their
potential applicability in opto- and bio-electronic devices.
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■

CONCLUSIONS
In summary, we resolved a hierarchy of diﬀerent levels of
structural and electronic disorder in P3HT nanoparticles by
investigating PL spectra from isolated micelles based on a
P3HT-b-PEG block copolymer with an aggregated P3HT core.
We found a strong variation of the shape of the PL spectra that
we analyzed in terms of the inverse emission peak ratio 1/Rem
= I01/I00, that is, the intensity ratio of the 0−1 and 0−0 PL
peaks. This ratio is broadly distributed, suggesting a large
variation of disorder from micelle to micelle (inter-aggregate
disorder). The values of 1/Rem are <2 and can be as small as
0.6. For this range, the relative 0−0 PL peak intensity of the
P3HT aggregates is smaller compared with the situation in
non-aggregated chains; yet, the 0−0 PL peak is not completely
suppressed. Hence, those 1/Rem data are a clear signature of Haggregation of P3HT within the micelles’ core, but with
substantial intra-aggregate disorder. The red-shift of the PL
spectra observed upon cooling from RT to LT (1.5 K) allowed
us to conclude that this inter-aggregate and intra-aggregate
disorder comes from aggregation of P3HT chains with
torsionally disordered backbones, that is, with intra-chain
disorder. Upon cooling, a partial planarization occurs, which
shifts the emitting excitons in P3HT aggregates to lower
energies. This notion was supported by a temperaturedependent shift of the vibrational energy, the energy diﬀerence
between the 0−0 and 0−1 PL peaks, and by temperaturedependent absorption spectroscopy of a thin P3HT ﬁlm.
Torsional (structural) disorder implies electronic disorder
since the transition (site) energy of each P3HT chain depends
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