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ABSTRACT: Poly(3-hexylthiophene) (P3HT) is a well-studied benchmark system for
semiconducting polymers used in optoelectronic devices. In these materials, aggregation
can improve charge transport efficiency or enhance emission yields depending on the
interchain packing. This may be inferred from the absorption and emission spectra when
analyzed using exciton coupling models such as the well-known H- and J-coupling model
of Kasha. The more recently developed weakly coupled H-aggregate (WCH) model
quantifies the degree of disorder via the ratio of the electronic origin intensity to that of
the first vibronic band. Here, the underlying assumptions of this approach are tested
experimentally for P3HT aggregates formed by solvent poisoning using bulk and single-
molecule-based spectroscopic techniques. Specifically, we show that the contribution of
residual monomeric chains to the aggregate spectrum must be accounted for to properly
assign the spectra as H- or J-type. A modification of the WCH model is introduced to
account for multiple emissive species.

In the optoelectronics field, regioregular poly(3-hexylthio-
phene) (rr-P3HT, Chart 1) is a benchmark polymer that

has been incorporated into devices such as transistors1−3 and
photovoltaics.4−6 As is the case for most conjugated polymers,
rr-P3HT will aggregate in a highly concentrated solution or in
the solid state if nothing preemptive is done such as filtering
the solution or diluting the polymer into a host matrix.7,8 The
standard means of determining the degree of aggregation and
the type of chain packing is via analysis of absorption/emission
spectra derived from the well-known model of small-molecule
aggregation of Kasha.9

Within the excitonic coupling model, coupling between the
transition moments of molecules in close proximity (i.e.,
aggregated) causes a splitting of the energy levels correspond-
ing to the in-phase and out-of-phase linear combinations.
When the in-phase combination is lower in energy, the
aggregate is referred to as J-type, while if the out-of-phase
combination is lowest, the aggregate is H-type. rr-P3HT and
other conjugated polymers are considered to form weakly
coupled H-aggregates under most common conditions.7,10−14

Their absorption and emission spectra are weakly red-shifted
from that of the corresponding monomer due to the planarized
chain morphology.15 Interestingly, while H-type aggregation
predominates in P3HT, conditions have been found that
produce predominantly J-type, suggesting that the aggregate
type can be controlled by the processing conditions.14,16,17

Spano and coauthors10,15,18 have elaborated this basic Kasha
model to account for the evolution of spectral features for cases
in which the excitonic coupling is weak but H-type in nature
(weakly coupled H-aggregate, WCH), as this is the
predominant mode seen in numerous conjugated materials.
We focus here on how the WCH model is used to assess the
degree of aggregate disorder by analyzing the Franck−Condon
envelope of the aggregate absorption and emission spectra.15,18

Briefly, in a well-ordered H-aggregate, the electronic origin
(0−0 band) is formally forbidden due to the cancellation of
transition moments whereas the vibronic bands (the 0−1 and
0−2 transitions) may still be observed. In most conjugated
materials, these bands will correspond to the CC stretch.
The result is a vibronic envelope that is distinct from that of
the monomer. Disorder within the aggregate can cause this
selection rule to break down, resulting in a nonzero intensity in
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Chart 1. Structure of rr-P3HT
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the 0−0 band. To quantify the degree of disorder in H-
aggregates, the intensity ratio of the electronic origin to the
first vibronic band is commonly quoted.10 More recently, this
model has been expanded to account for the ability of the same
molecule to adopt H- versus J-type electronic coupling due to
the ability of the local environment to influence the packing of
the chains (HJ coupling model).18−20

The WCH model has provided a fruitful way of interpreting
the unusual band shapes of P3HT and other conjugated
materials in aggregated or thin film form.7,10−14 One potential
complication, however, stems from the underlying assumption
that the bulk spectrum corresponds to a single species
(monomer or aggregate) to which all the spectral features
can be attributed. Here we demonstrate how this assumption
can be tested using fluorescence-based methods and under
which conditions it is found lacking, particularly in the analysis
of conjugated polymers aggregated in solution using a solvent
poisoning method. The implications for interpreting aggregate
morphological properties using linear absorption and emission
spectra are then discussed.
In tetrahydrofuran (THF), rr-P3HT is not aggregated and

exhibits a broad absorption feature at 450 nm whereas addition
of poor solvent such as acetonitrile (MeCN) results in a
spectrum with enhanced vibrational structure shifted by 150
nm to lower energies (Figure 1a).

Following the analysis of Clark et al.,11 subtracting the
monomer (i.e., unaggregated chain) spectrum from that of the
preaggregated samples reveals the presence of two absorptive
species in all preaggregated samples (Figure 1b and Figure S1,
Supporting Information). The resulting aggregate spectrum is
very similar to that obtained by Clark et al. in thin films cast
from chloroform, and a similar approach is used here to fit the
data to extract the Huang−Rhys factor (S) and exciton
bandwidth (W) of the aggregate (Supporting Information
Section S2).11 There, the results of various fitting approaches
are compared including using the S values determined via
fitting the emission spectra (see below) and literature values
for both S21 and W.11 That there is a significant percentage of
unaggregated chains, even at high concentrations of MeCN, is
somewhat surprising and important for the analysis of the
emission spectra that follows.
The emission of rr-P3HT in THF (Figure 2a) is also

indicative of an unaggregated solution with a strong 0−0
transition at 570 nm and smaller 0−1 sideband at 620 nm.11,13

On addition of MeCN, the vibronic structure is perturbed and
the emission is strongly quenched. At lower percentages of
MeCN (20−25%), the spectra are very similar to those
reported previously for the polymer in thin films and assigned
as weakly coupled H-aggregates.11,13,22,23 Interestingly, simply
increasing the percentage of MeCN produces aggregates with

Figure 1. (a) Normalized absorption spectra of nonaggregated and preaggregated rr-P3HT/THF samples and (b) absorption spectra of aggregated
rr-P3HT/THF in 25% MeCN with the absorption of nonaggregated rr-P3HT/THF subtracted. The resulting spectrum is that of the aggregate
species.

Figure 2. (a) Emission spectra (scaled to absorbance at 485 nm) of nonaggregated and preaggregated rr-P3HT/THF samples and (b) overlay of
the emission bands of the nonaggregated and preaggregated rr-P3HT in 50% and 75% MeCN. The monomer spectrum is shifted 75 nm to lower
energies to overlap with that of the 50% and 75% aggregate spectra.
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spectra very similar to those reported for highly ordered P3HT
nanofibers that have been assigned as J-aggregates.16,24,25

Results similar to those in Figure 2 have been previously
reported in P3HT11,13,26−29 and several other organic
conjugated systems12,17,30,31 and were ascribed to evolution
of the most favorable aggregate structure from H-like to J-like
due to solvent-induced forces. Changing pressure or temper-
ature produces similar effects that have been attributed to
alterations in the chain packing and therefore the electronic
coupling between the chains.16,24,25 Next, we examine various
existing models to fit the rr-P3HT emission spectra and to
explain its evolution with increasing poor solvent and then
describe experiments that support an alternative approach.
One way to model the emission spectra is to assume the S

value of the CC vibronic mode increases with decreasing
solvent quality. In this case, the spectra are considered to
derive from a single emitter type and are fit using eq 1 by
assigning the band at 570 nm as the 0−0 band of the aggregate
and 650 nm as the 0−1 of the CC stretching mode.32
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Here, I is the emission peak intensities of the transition band
determined experimentally, m and n are the quantum numbers
of the final states of the transitions, and ℏω is the transition
energy.
Below 50% MeCN, the apparent S values determined by eq

1 increase from that of the monomer (S ∼ 1) to ∼1.8 for the
25% MeCN sample, which would be indicative of an increase
in geometric distortion in the aggregated chains. However, at
50% MeCN and above, the effective disappearance of the 570
nm band would lead to unphysically large Huang−Rhys factors
(S > 10) within this model. Alternatively, the spectrum at high
MeCN percentages is plausibly assigned to an aggregate with
0−0 and 0−1 transitions at 650 and 720 nm, respectively.
Notably, the vibronic structure of these aggregates (Figure 2b)
is similar to that of the monomer albeit red-shifted 80 nm. This
assignment yields in an S value of 0.88 (eq 1). As neither the
spectral shape nor the intensity changes with additional
MeCN, this likely represents the fully aggregated species.
Proposed interpretations of this spectrum are deferred to a
later section.
Next, we consider the WCH model, described earlier, that

has been frequently applied to P3HT.7,10−13,17,33 In this fitting
approach (eq 2) the 0−0 band intensity is varied
independently while the vibronic transitions are fit using the
expected Franck−Condon intensity distribution assuming a
single S for the CC mode.
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Here, n is the refractive index, ℏω is the photon energy, α is a
scaling factor that is allowed to vary, Γ is the Gaussian line
width function, E0 is the 0−0 transition energy, and Ed is the
energy of the CC vibrational mode (set to 0.175 eV).13 The
S values of these systems were determined via a nonlinear
least-squares fit of eq 2. The resulting S values using the WCH
model for the 20% and 25% MeCN samples are identical
(1.14) and only slightly higher than that of the monomer (S0%

= 1.11), whereas those for higher percentages of MeCN are
larger (1.18).
More recently, the WCH model has been expanded20 to

explain the type of spectral evolution seen in Figure 2a that is
commonly seen in conjugated organics with decreasing solvent
quality or changes in temperature or pressure.12,16,30,34−36 This
has been ascribed to a change from H- to J-type packing driven
by the environment.14,16,17,24,25 Therefore, these systems are
referred to as HJ-aggregates as their spectral properties are
governed by the relative magnitudes of the H- and J-type
coupling. Applying this model to our results, the spectra at 50%
MeCN and above would be assigned to a J-aggregate whereas
all the vibronic features of the aggregate at lower MeCN
percentages would be ascribed to the H-aggregate form.
The two models discussed thus far implicitly assume that the

aggregates formed at a given MeCN percentage are of a single
type, meaning they all have similar spectra, mode frequencies,
S values, electronic couplings, and degree of chain ordering.
Though this approach provides reasonably high-quality fits to
the vibronic structure of the bulk solution emission spectra
(Figure S4), it is at odds with several experimental results
described next. Specifically, we show evidence that the
apparent spectral evolution from the H-type to J-type coupling
seen in Figure 2a is in fact due to decreasing contributions
from monomeric chains as the solvent quality declines.
Fluorescence excitation spectroscopy is a convenient means

of determining whether a bulk sample consists of a single or
multiple emitting species with distinct absorption spectra. At
less than 50% MeCN, the peak of the emission spectrum is
dependent on the excitation wavelength used (Figure S5) and
therefore shows two peaks, one at 570 nm and one at 650 nm.
In contrast, at greater than 50% MeCN, ,a single peak at 650
nm is observed. Comparison of the excitation spectra at 570
and 650 nm with the monomer and aggregate absorption
spectra (Supporting Information Section S5) shows the
gradual appearance of two emitting species with increasing
MeCN whereas only one is present in the monomer solution,
as expected.
Strong supporting evidence for assigning the spectra (Figure

2a) to the coexistence of monomer and aggregated chains is
obtained via fluorescence correlation spectroscopy (FCS). In
solution, FCS can be used to determine the degree of polymer
aggregation by measuring fluctuations in the emission intensity
as each species diffuses through the focal volume.8 In general, if
an emission spectrum arises from a single species, then
collecting the FCS at various wavelengths within the spectrum
will yield identical correlation curves and diffusion times (τD).
This is the case for the monomer when FCS curves are
collected at 540 and 700 nm (data not shown). In contrast, if
the FCS curve differs with collection wavelength, the presence
of more than one species having both different emission
maxima and diffusion rates can be inferred. As a practical
matter, two species can be differentiated by FCS if the
difference in the mass is at least a factor of 4, which would be
consistent with the formation of intermolecular (multichain)
aggregates.37,38 Comparing the normalized FCS curves (Figure
3) clearly shows that the diffusion rate for the 540 nm emitting
species in 25% MeCN (0.61 ± 0.10 ms) is similar to that of the
monomer in THF (0.54 ± 0.02 ms) whereas that collected at
700 nm is significantly longer (3.1 ± 0.9 ms). This longer
diffusion time indicates a larger emitter (estimated to be ∼100
nm in size compared to ∼20 nm for the monomer), which is
consistent with aggregation and qualitatively supported by
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dynamic light scattering (DLS) measurements (Figure
S8).8,37,38 At higher percentages of MeCN, the signal could
not be distinguished from background.
These experimental results suggest an alternate approach to

fitting the spectra at low MeCN percentages, which is to
assume that they arise from a heterogeneous mixture of
monomeric and aggregated chains as is the case in absorption
(Figure 1b). In this multiemitting species model (MES), the
ratio of monomers to aggregates decreases as the quality of the
solvent environment declines. Here, the fitting to eq 2 is
modified from that of the WCH model to account for the
presence of residual monomer (eq 3).
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The fit is performed accounting for the 0−0, 0−1, and 0−2
of the monomer in addition to assuming the band at 650 nm to
be the electronic origin of the aggregate. The percentage of
monomer is allowed to vary independently and should
decrease in its contribution the more aggregated the sample.
The MES model results in an overall decrease in the Huang−
Rhys factors to nearly 1 for all conditions (S20%

MES = 1.02, S25%
MES =

1.03, S50%
MES = 1.01, S75%

MES = 1.01) and a slightly better fit to the
experimental data (R2 = 0.99, Figure 4 and Figure S9) as
compared to the WCH model (R2 = 0.97, Figure S4).
Consistent with the MES model, subtracting the spectrum of

the monomer from the low percentages of MeCN (Figure
S10) resulted in a spectrum nearly identical to that of the
aggregate (50% and 75% MeCN, Figure S11) and a decrease in
the S values (S20%sub

MES = 1.00 and S25%sub
MES = 1.02).

In summary, though the MES gives a somewhat better fit to
the data than does the WCH model, as judged by the R2

values, this does not in itself establish its validity. Rather, this is
strongly suggested from the experimental evidence that
emission from monomeric chains contributes substantially to
the observed vibronic envelope of the aggregates, particularly
at lower MeCN percentages.
Within this picture, the evolution of the emission spectra

with decreasing solvent quality (Figure 2a) results from a
decrease in the percentage of monomer present and the
emergence of an aggregate species with an electronic origin at
650 nm and a J-like vibronic structure. In contrast, the HJ
model would attribute this spectral evolution to a change from
a weakly coupled H-aggregate to a J-aggregate with the change
in solvent quality.16,17,24,25

Notably, the aggregate spectra of Figure 2b are similar to
those reported for J-type P3HT nanofibers in both peak
positions and relative vibronic intensities. However, neither
these J-type aggregates nor those reported16,24,39 exhibit the
classical behavior of spectral narrowing,40 reduced vibronic
band intensity, and decreased lifetime41,42 relative to the
monomer. This may indicate some degree of chain disorder
that diminishes their electronic coherence. If the aggregates
formed under our conditions are indeed J-type, their weak
emission intensity relative to the monomer is unexpected
(Figure 2a). However, the emission lifetimes in solution are
slightly decreased relative to the monomer (Figure S12 and
Table S5) within our time resolution of ∼200 ps, which is
expected for J-aggregates.43,44 Notably, there is a greater loss of
emission intensity upon aggregation (approximately a factor of
35; see Figure 2a) than what would be predicted from the
decrease in lifetime relative to the monomer (Table S5). This
apparent discrepancy suggests a static quenching mechanism
contributes to the emission loss upon aggregation, i.e., that a
subpopulation of nonemissive species is present. We
hypothesize that these represent a subpopulation of non-
emissive H-aggregates formed under our conditions. Alternate
mechanisms for emission quenching such as solvent-polarity-

Figure 3. Normalized FCS decay curves of nonaggregated and 25%
MeCN preaggregated rr-P3HT/THF samples. Optical filters were
chosen to selectively measure the fluorescence bursts of the monomer
and aggregate species.

Figure 4. Fits of the MES model to the experimental data for rr-P3HT/THF in (a) 25% and (b) 75% MeCN.
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induced stabilization of a dark charge-transfer state31,45 or
polaron pair formation46,47 are also possible and will be
explored further in a future communication.
Using the tools of fluorescence excitation spectroscopy and

FCS, we have shown that the apparent evolution of the
emission spectrum of rr-P3HT from weakly coupled H-like to
J-like with decreasing solvent quality can instead be explained
by an accompanying decrease in the percentage of residual
monomer. Consistent with this picture, high-quality fits of the
emission spectra at various percentages of poor solvent are
obtained using a model that allows the percent of aggregate
and monomer to vary independently. The applicability of this
approach to other conjugated systems is a target of future
exploration.
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