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ABSTRACT
Suitable model polymer systems enable systematic studies that can progress understanding of structure–property relationships 
in these chemically diverse materials. To this end, the hole mobility of four fluorene-arylamine copolymers containing varying 
ratios of 9,9-dioctylfluorene and butyl-substituted phenylenediamine has been studied. The copolymers with longer sequences 
of fluorene units can adopt the chain-extended β-phase conformation, and its effect on transport is also investigated. The room 
temperature hole mobility of the fluorene homopolymer, poly(9,9-dioctylfluorene), is drastically reduced by copolymerization of 
5% arylamine units due to trapping at the arylamine sites. With increasing arylamine percentage, the mobility rises due to the 
commencement of direct arylamine-to-arylamine transport. Air photoemission spectroscopy measurements reveal two separate 
contributions to the photoemission signal whose intensities vary with composition, rather than a single energy level that shifts 
continuously from fluorene to arylamine, as has sometimes been assumed in transport models. This work demonstrates both that 
mobility can be controlled over a large range in these copolymers and that the role of fluorene β-phase formation is secondary 
here to chemical composition. Conversely, the light emission properties are strongly affected by conformation. The transport and 
emission characteristics are thereby separable, consistent with the observed multifunctional nature of state-of-the-art complex 
copolymers.

1   |   Introduction

Conjugated polymers have been the focus of extensive research, 
especially since their early demonstration as effective materials 
for electroluminescence, and subsequently photovoltaic solar 
energy conversion, with more recent interest also addressing bi-
osensing and photonics functions [1–4]. To facilitate their devel-
opment for commercial applications, a thorough understanding 
of the electronic processes in these materials has been required. 
A large variety of chemical structures has been synthesized, 

incorporating different building blocks, such as arylene, arylene 
vinylene, fluorene, thiophene, benzothiadiazole, and arylamine 
[5, 6]. Copolymerization, where two or more monomers are 
combined through covalent links [7] offers the advantage of en-
riching and adjusting material properties without the unwanted 
phase separation typical of polymer blends [8].

However, to achieve competitive device efficiencies, significant 
further optimization has been required of both polymer chain 
composition and architecture, including substituent groups that 
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provide solubility and simultaneously modulate conformation and 
solid-state packing [9]. Charge carrier transport determines per-
formance for a number of device types [10], aiding more efficient 
solar cells, faster switching in field effect transistors, and higher 
space charge limited (SCL) currents in organic light-emitting di-
odes. Great efforts have, accordingly, been made to achieve higher 
mobilities through insight into molecular structure–property rela-
tionships and charge transport physics [9, 11, 12].

In relation to the present study, homopolymer poly(9,9-
dioctylfluorene) (PFO) (Figure 1a) shows relatively efficient blue 
electroluminescence [13] and trap-free time-of-flight photocur-
rent hole transport [14], and was initially of strong interest for 
display applications. Its high ionization potential, however, lim-
ited hole injection from common anode materials [15], spawning 
a strong interest in alternating fluorene-arylamine copolymers 
for which ohmic injection could be achieved [16], and leading 
ultimately to a successfully engineered range of proprietary 
complex copolymers [17].

Simpler structures that are disclosable can often be used to gain 
an understanding of the elements of such success, and we focus 
here on four statistical copolymers with a 9,9-dioctylfluorene 
(F8) based polymer backbone into which an increasing fraction 
of butyl-substituted phenylenediamine (BSP) units is incorpo-
rated (Figure 1b). For ease, they are hereafter denoted 95F8:5BSP, 
90F8:10BSP, 80F8:20BSP, and 50F8:50BSP, corresponding to x % 
F8:(100 − x) % BSP. Poly(9,9-dioctylfluorene) (i.e., 100F8:0BSP) 
is a reference point for this study, as also is the alternating 

copolymer 50F8:50BSP, poly(9,9-dioctylfluorene-alt-bis-N,N′-(4-
butylphenyl)-bis-N,N′-phenyl-1,4-phenylenediamine), known 
in the literature as PFB [18–20].

In addition to changes in chemical composition, fluorene-based 
materials can display a significant variation in physical struc-
ture. For PFO, the microstructure can be disordered, liquid 
crystalline, or (semi-)crystalline, with the added complication 
of distinct chain segment conformations in the disordered and 
liquid crystalline phases [13, 21, 22]. These conformations are 
characterized by different torsion angles between the constitu-
ent fluorene units. Glassy-phase PFO is a disordered phase with 
a large spread of torsion angles (from 120° to 140°). In contrast, 
the β-phase contains a fraction of highly ordered chain segments 
with planarized interunit torsion angles of ≈180°. The β-phase 
can be reliably introduced into an otherwise glassy (disordered 
or liquid crystalline) PFO film during deposition or via post pro-
cessing [23]. Spatial patterning is possible in the latter case, al-
lowing the formation of nanostructures [24].

The same process can be utilized to generate β-phase chain seg-
ments within fluorene-arylamine copolymers [20], and indeed 
other fluorene-based copolymers [25, 26] provided there are suf-
ficiently extended sequences of F8 units. β-phase chain segments 
with their ordered chain-extended geometry result in longer con-
jugation lengths over which π-electrons can delocalize, leading 
to lower ionization potential and optical gap. Consequently, both 
holes and excitons trap on the β-phase chain segments [21]. The 
presence of β-phase segments is clearly identified through signa-
tures in the UV–Vis absorption and photoluminescence [21, 23]. 
Additionally, it has been demonstrated that PFO samples contain-
ing β-phase segments possess about two orders lower room tem-
perature time-of-flight hole mobility than glassy films [27].

In this study, the dependence of the hole mobility on both copo-
lymer arylamine content and molecular conformation has been 
investigated using dark injection transient (DIT) measurements. 
The results are discussed in the context of a transition from trap-
limited to trap-to-trap hopping transport. This model is supported 
by ambient pressure photoemission spectroscopy measurements 
of the copolymer molecular orbital energies that show different en-
ergies for arylamine- and fluorene-based hole sites, for which the 
relative weight changes with chemical fraction. The observed be-
havior for the copolymer films studied here is distinct from that for 
the addition of molecular dopants such as tetraphenyl porphyrin 
(TPP) to thick PFO films for which the transport becomes highly 
dispersive [28]. That this is not the case here, even though the ion-
ization potential offset for TPP is significantly smaller than for 
copolymer BSP moieties, is consistent with thin disordered conju-
gated copolymers differing in fundamental ways from xerographic 
blends [18] and polycrystalline materials [19].

2   |   Results and Discussion

The primary study of charge carrier transport was performed 
using the DIT technique, monitoring the current response to a 
voltage step applied to the injecting contact of diodes compris-
ing indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):
polystyrene sulphonate (PEDOT:PSS)/F8:BSP copolymer/alu-
minum (Al). The ITO/PEDOT:PSS anode injects holes, with Al 

FIGURE 1    |    Chemical structures of (a) poly(9,9-dioctylfluorene) and 
(b) 9,9-dioctylfluorene:butyl-substituted phenylenediamine (F8:BSP) 
copolymers (x = 95%, 90%, 80%, and 50% for 95F8:5BSP, 90F8:10BSP, 
80F8:20BSP, and 50F8:50BSP).
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acting as a blocking contact for electrons. Figure  2a presents 
typical current transients at a variety of applied voltages for the 
50F8:50BSP copolymer, while Figure 2b shows an idealized DIT 
measurement result. The current response consists of an initial 
spike at the beginning of the voltage step due to the device capac-
itance (RC response time, τ). This is followed by the DI transient 
with a peak at tDI, and at longer times, as the charge distribution 
tends to dynamic equilibrium, the SCL current (SCLC) den-
sity is approached. Care was taken to ensure that the RC time 
constant is much shorter than tDI so that the transit peak can 
be clearly resolved. Representative DI hole current transients 
for both glassy- (Figure  S1) and β-phase (Figure  S2) samples 
of 80F8:20BSP, 90F8:10BSP, and 95F8:5BSP are presented in 
Supporting Information S1: Section A. DI transit times, tDI, are 
readily identified in all of the transients, confirming that ITO/
PEDOT:PSS provides an ohmic injecting contact as expected 
from the polymer ionization potentials [16].

Figure 3a shows the glassy-phase DIT hole mobilities, extracted 
from tDI values obtained for the different copolymers, plotted as 
a function of the square root of the applied electric field. The 
mobility values deduced for β-phase containing copolymer 

films are identical, within experimental error, to their glassy 
counterparts.

It has been shown, using transient microwave conductivity mea-
surements, that the intrachain mobility of individual β-phase 
PFO polymer chain segments is higher than for the correspond-
ing glassy chain segments [29]. The bulk thin film mobility of 
β-phase PFO is, nevertheless, lower than for fully glassy films 
[27]. This seeming anomaly can be explained by recognizing 
that the extended β-phase chain segments possess less deep-
lying highest occupied molecular orbital (HOMO) energies and, 
thus, when present in moderate numbers, act as “trapping sites” 
for holes. The hole “trap depth” for β-phase chain segments is 
~130 meV [27]. This is significantly less than the corresponding 
offset for arylamine moieties within xF8:(100 − x)BSP copoly-
mers (vide infra) and, as a consequence, the presence or absence 
of β-phase segments does not significantly affect the arylamine-
controlled hole transport in the copolymers.

It does, however, significantly affect the photoluminescence (PL) 
spectra, as shown for thin film copolymer samples before and 
after solvent vapor treatment in Figure S3, where the spectrum 

FIGURE 2    |    (a) Representative hole injection transients for an 820 nm thick film of 50F8:50BSP under voltage pulses from bottom to top of 5, 6, 7, 
8, 9, 10, 11, and 12 V. (b) Idealized representation of the dark injection transient measurement result.
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FIGURE 3    |    (a) Room temperature, field dependent DIT hole mobility values for films of 50F8:50BSP (blue up-pointing triangles), 80F8:20BSP 
(black circles), 90F8:10BSP (red squares), and 95F8:5BSP (green down-pointing triangles). The glassy-phase results are represented with filled sym-
bols while the β-phase values are denoted with open symbols. (b) Room temperature hole mobilities for PFO, 95F8:5BSP, 90F8:10BSP, 80F8:20BSP, 
and 50F8:50BSP at an electric field of 5 × 105 V cm−1. The mobility values for 50F8:50BSP and 80F8:20BSP were extrapolated from the electric field 
dependence displayed in (a). The dotted lines are a guide to the eye.
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for homopolymer PFO is also presented as a reference. These 
spectra confirm the controlled formation of the β-phase confor-
mation in the copolymers with smaller fractions of BSP, for which 
there are F8 sequences long enough to support the generation 
of β-phase chain segments. The characteristic β-phase PL sig-
natures are described in Supporting Information S1: Section B, 
with deconvolution of the BSP-supported broad charge-transfer 
(CT) and F8 vibronic-structured neutral exciton contributions 
for 90F8:10BSP and 95F8:5BSP shown in Figure S4. The alter-
nating copolymer PFB (50F8:50BSP) does not show β-phase fea-
tures due to the lack of an extended sequence of F8 units [20]. 
At BSP fractions of 20% or less, however, there are long enough 
F8 segments present within these statistical copolymers to sup-
port β-phase formation, consistent with previous studies that re-
ported the need for a minimum of five F8 repeat units [30]. The 
transport and emission characteristics are thereby separable, as 
indeed needed to achieve multifunctional character for state-of-
the-art complex copolymers.

Confirmation of the physical nature of this process is provided 
by the ready removal of the β-phase signatures on heating above 
the copolymer glass transition temperature. Subsequent sol-
vent vapor treatment restores the β-phase signatures, showing 
recyclability between β- and glassy-phase. PL spectra recorded 
for 90F8:10BSP and 95F8:5BSP copolymer films initially in the 
β-phase, subjected to annealing at increasing temperatures, 
and then after further solvent vapor treatment are reported in 
Supporting Information S1: Section C.

In the presence of traps, the DIT peak becomes difficult to re-
solve when the characteristic trapping time is comparable to 
the SCL transit time for carriers to cross the sample [31]. The 
trapping time is a characteristic of the material, while the SCL 
transit time can be decreased by decreasing the sample thick-
ness and/or increasing the applied field. As the voltage pulses 
could not be significantly increased in magnitude with our ap-
paratus, the film thicknesses were reduced to ensure that clear 
DIT traces could be measured in all cases.

The DIT mobility values generally follow Poole–Frenkel behav-
ior [32], with field dependence described by:

where μ0 is the (extrapolated) zero-field mobility, γ is a param-
eter that characterizes the strength of the field dependence for 
a particular material, and E is the applied electric field. Such 
behavior is common for organic semiconductors as a result of 

energetic disorder among transport sites [33, 34]. The extracted 
transport parameters (μ0 and γ) are summarized in Table 1 to-
gether with literature values for PFO.

The copolymer room temperature hole mobility values at an 
electric field of 5 × 105 V cm−1 (typical for OLED operation) are 
plotted against arylamine content in Figure 3b. The literature 
value [14, 27] for the time-of-flight photocurrent mobility of 
glassy PFO (0% arylamine), namely 4 × 10−4 cm2 V−1 s−1, is also 
presented. Addition of 5% arylamine to form 95F8:5BSP re-
duces the hole mobility of PFO by some four orders of magni-
tude to 6.7 × 10−8 cm2 V−1 s−1. Then, with increasing arylamine 
fraction, the mobility increases, reaching 1.9 × 10−6 cm2 V−1 s−1 
for 90F8:10BSP, 2.8 × 10−5 cm2 V−1 s−1 for 80F8:20BSP, and 
3.6 × 10−4 cm2 V−1 s−1 for 50F8:50BSP. The latter value is in good 
agreement with previously reported time-of-flight photocurrent 
values for PFB [18].

The observed mobility changes with arylamine content can be 
explained in the context of a transition from “trap-and-release” 
to “arylamine-to-arylamine” hopping controlled SCL trans-
port. Charge transport in disordered organic semiconductors 
occurs by charge hopping between neighboring transport sites 
[36, 37]. In a trap-free system, the energetic distribution of hop-
ping sites is governed by the density of states width related to 
the distribution of molecular conformations and is relatively 
narrow for fluorene-based polymers, yielding nondispersive 
time-of-flight photocurrent transients [14]. This pertains also to 
alternating copolymer fluorene-arylamine systems like PFB [18] 
and poly(9,9-dioctylfluorene-alt-bis-N,N′-(4-methoxyphenyl)-
bis-N,N′-phenyl-1,4-phenylenediamine) (PFMO) [16].

The addition of TPP, with an ionization potential offset of 
~0.4 eV, at 5% by weight to thick PFO films leads to trap-limited 
transport that is highly dispersive [28]. That is not the case here, 
where the 5% BSP copolymer film still shows a clean DIT trace 
(Figure S1c) despite there being a significantly larger expected 
offset of ~0.7 eV for BSP relative to F8 units. This is consistent 
with disordered conjugated copolymers differing in fundamen-
tal ways from both traditional xerographic blends [18] and poly-
crystalline materials [19].

For 95F8:5BSP the sparse BSP units do control hole transport, 
severely limiting mobility, but samples can still be prepared that 
display SCL behavior. As the fraction of BSP units increases, 
the mobility increases due to BSP-to-BSP hopping [38, 39]. The 
charge carriers can then increasingly percolate among BSP sites 
rather than have to make energy-consuming jumps to transport 
among the F8 sites.

(1)�(E) = �0 exp
�

�

√

E
�

TABLE 1    |    Transport parameters deduced for fluorene-arylamine copolymers and PFO.

Material μ0 (cm2 V−1 s−1) γ (cm1/2 V−1/2) References

PFO 3 × 10−4 0.2 × 10−3 [35]

50F8:50BSP (1.0 ± 0.1) × 10−4 (1.7 ± 0.2) × 10−3 This work

80F8:20BSP (6.3 ± 0.8) × 10−6 (2.1 ± 0.2) × 10−3 This work

90F8:10BSP (4.2 ± 0.5) × 10−7 (2.1 ± 0.2) × 10−3 This work

95F8:5BSP (2.3 ± 0.6) × 10−9 (4.9 ± 0.3) × 10−3 This work
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Air photoemission spectroscopy (APS) experiments allow direct 
measurement of the ionization onsets of molecular sites pres-
ent within the copolymer films. As already noted, from cyclic 
voltammetry (CV) measurements, PFB [18] has a significantly 
lower electrochemical ionization potential (~5.1 eV) than that 
found for PFO (~5.8 eV) [15] and as a consequence, one might 
expect to see significant changes in the APS data through the 
introduction of BSP units into the F8:BSP copolymer structures.

The APS ionization onset values are obtained—using the ex-
pected current variation—from plots of the cube root of the pho-
toemission current against photon energy [40–42]. The linear 
portion of the increasing current curve allows determination of 
the onset by extrapolation to the baseline signal. The APS data 
for glassy films of F8:BSP copolymers and PFO are presented 
in Figure 4a and Figure S9a and the obtained ionization onsets 
for PFO and PFB are in broad agreement with literature values 
[15, 18, 20].

For the lower mobility copolymers, i.e., 95F8:5BSP, 90F8:10BSP, 
and 80F8:20BSP, the photoemission onset is significantly below 
a straight line extrapolation between the PFO and PFB onsets. 
This is consistent with the presence of electronic states within 
the gap for these materials. Two different species then contrib-
ute to the measured photoemission signal; the lower energy 
onset is assigned to trap states associated with BSP units within 
an otherwise F8 chain segment, while the higher energy compo-
nent is dominated by the ionization of F8 segments themselves. 

Similar behavior has been reported previously in APS measure-
ments of individual polymers and polymer blend films [43] as 
well as small-molecule donor/acceptor blends [44], with the 
signal below the expected HOMO level associated with sub-gap 
states. Copolymer samples containing β-phase F8 segments also 
showed similar behavior, with two photoemission contributions 
(Figure 4b and Figure S9b).

CV measurements of the 95F8:5BSP copolymer show two oxida-
tion peaks as well, analogous to the two APS contributions [20]. 
The higher energy CV peak was also previously assigned to F8 
oxidation, while the second peak situated ~0.3 eV lower in en-
ergy—similar to the photoemission threshold offset seen here—
was attributed to the preferential oxidation of BSP units. Miteva 
et al. [45] likewise reported two CV peaks for triarylamine end-
capped polyfluorenes, at 5.48 and 5.88 eV for the triarylamine 
and fluorene moieties, respectively. These end groups are con-
sidered to act as independent electroactive units and to consti-
tute hole traps within the majority fluorene-composed films.

The measured APS intensity reflects a gradual increase in the 
population of lower energy states with increasing BSP concen-
tration until they form a well-defined lower energy transport 
level at 5.15 eV for 50F:50BSP. The photoemission thresholds 
shift to lower energies with increasing arylamine content as 
expected when hybridization occurs between the F8 and aryl-
amine moieties (Figure S10). At 50% BSP, a single energy level is 
formed via which charge carrier transport takes place.

FIGURE 4    |    Air photoemission spectroscopy data (black line) for (a) glassy-phase PFO, 95F8:5BSP, and 50F8:50BSP and (b) β-phase PFO, 
95F8:5BSP. The ionization onsets are determined by extrapolating the linear parts of each curve (see representative red dashed lines) to their respec-
tive baseline signal levels (blue horizontal lines). The vertical dashed lines at 5.15 and 5.88 eV provide visual guides to the onsets for glassy-phase PFB 
and PFO, respectively. The 95F8:5BSP signals for both glassy- and β-phase samples show onsets significantly below the respective PFO energies and 
two slopes indicative of two ionisable species.
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How the photoemission onset extracted from APS is related to 
the true trap depth and the disorder parameter value in a mate-
rial is an interesting direction for future investigation. Exploring 
the potential of the APS technique for studying charge trapping 
deserves further attention. This measurement method does not 
require vacuum conditions or low temperatures, significantly 
reducing experimental efforts compared to more commonly 
used charge trapping experiments, but its interpretation for mo-
lecular materials needs further study.

Due to trapping at arylamine sites, the hole charge carrier mo-
bility for low BSP concentration copolymers is markedly lower 
than the 100% F8 polymer (PFO). The mobility then increases as 
the BSP concentration increases due to direct arylamine–aryl-
amine hopping. The hopping rate between two sites depends on 
the electronic coupling between the sites due to wavefunction 
overlap and, thus, on the inter-site distance and relative orien-
tation of molecular orbitals (Miller and Abrahams model) [46]. 
As the concentration of BSP increases, the BSP–BSP inter-site 
distance reduces and eventually, when large arylamine con-
centrations are present, the transport proceeds mainly via the 
BSP-localized states. The field dependence of the mobility corre-
spondingly decreases with increasing BSP fraction (c.f. γ-values 
in Table  1), in accordance with the correlated disorder model 
[19, 33, 34, 47]. Similar observations have been made for organic 
semiconductor films deliberately doped with molecular trapping 
units [28, 38, 48–50].

3   |   Conclusions

The hole transport properties of four fluorene-arylamine co-
polymers comprising different ratios of 9,9-dioctylfluorene 
(F8) and butyl-substituted phenylenediamine (BSP) have been 
investigated as model systems for the design of complex copo-
lymers. Samples with BSP fractions of 50%, 20%, 10%, and 5% 
were studied. The hole mobility of PFO (4 × 10−4 cm2 V−1 s−1) 
[14, 27] is drastically reduced by the copolymerization of only 
5% BSP, and the resulting 95F8:5BSP copolymer has a mobility 
(6.7 × 10−8 cm2 V−1 s−1) some four orders of magnitude lower than 
PFO. With an increasing percentage of arylamine moieties, the 
charge transport then improves, and the alternating copolymer 
50F8:50BSP has a mobility (3.6 × 10−4 cm2 V−1 s−1) similar to that 
of the homopolymer.

This behavior is interpreted as arising from a transition from 
transport via the F8 units accompanied by trapping at the BSP 
sites to transport among the BSP moieties. The BSP-to-BSP 
transport sets in with increasing arylamine concentration as the 
BSP–BSP inter-site distance becomes sufficiently small for easy 
hopping to occur. Thus, at high “trap” concentrations transport 
through the “trap” state manifold becomes possible.

Additionally, the influence of chain conformation on the mea-
sured hole mobility is explored, and it is shown that while β-
phase formation strongly affects the emission properties, the 
copolymer films have very similar hole mobilities for both 
glassy-  and β-phase samples. The copolymer room tempera-
ture hole transport properties are predominantly determined by 
arylamine content, but the light emission properties can be inde-
pendently tuned. In the context of organic light-emitting diodes, 

this allows optimization of color gamut, efficiency, and lifetime 
[13, 20]. Our results help, thereby, to elucidate how the complex 
copolymer approach has proven so beneficial, with separable 
tuning of different device-relevant physical characteristics [17].

Air photoemission spectroscopy measurements confirmed the 
presence of BSP-moiety associated sub-gap trap states for the 
95F8:5BSP, 90F8:10BSP, and 80F8:20BSP copolymers. APS mea-
surements are performed at room temperature without requir-
ing vacuum conditions. This significantly reduces experimental 
efforts compared to more commonly used charge trapping ex-
periments and highlights its potential for studying trap and 
transport states in organic semiconductors. Future work should 
explore further the APS technique's promise for mapping the 
transport and trap state landscape of a material, increased en-
ergy resolution, and/or quantifying the relative proportions of 
the states that it detects.

4   |   Experimental Section

4.1   |   Materials

The PFO homopolymer was purchased from 1-Material Inc. 
(weight-average molecular weight (Mw) = 55 × 103 g mol−1 and 
polydispersity index (PDI) = 2.5) and used as received. The co-
polymers were provided by the Sumitomo Chemical Company 
Tsukuba Research Laboratory and used as supplied. Their Mw 
values were 260 × 103 g mol−1 for 95F8:5BSP, 330 × 103 g mol−1 
for 90F8:10BSP, 110 × 103 g mol−1 for 80F8:20BSP, and 
300 × 103 g mol−1 for 50F8:50BSP.

4.2   |   Photoluminescence Spectroscopy

Thin films were spin coated at 2000 rpm from 10 mg mL−1 tol-
uene solutions onto quartz (Spectrosil B) substrates. A Dektak 
Systems surface profilometer was used to measure the resulting 
film thickness, typically ~70 nm. For the preparation of glassy-
phase films, both solution vials and substrates were placed on a 
hot plate at 100°C for 5 min immediately prior to spin coating. 
For β-phase samples, solvent vapor annealing of glassy films 
was employed. This was done via exposure to toluene vapor at 
room temperature for 12 h, with film swelling generating the 
mechanical stress that drives planarization of a fraction of the 
polymer chains [51]. We follow the convention in the literature 
that samples containing such a fraction of β-phase chains in an 
otherwise glassy film are called β-phase samples, irrespective 
of the specific fraction. The same procedures were used for the 
fabrication of all glassy-phase and β-phase films used in this 
study. PL spectra were recorded in reflection geometry using a 
Jobin Yvon Horiba Fluoromax-3 spectrofluorometer (370 nm ex-
citation) in ambient air.

4.3   |   Dark Injection Transient Measurement

DIT experiments were carried out using a Fluxim PAIOS mea-
surement platform. Diodes with the structure ITO/PEDOT:PSS/
Copolymer/Al were fabricated for the measurements of hole 
charge carrier mobility. Commercial (Luminescence Technology 
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Corporation) ITO-coated glass substrates with a typical re-
sistance of 20 Ω□−1 were employed. A 40 nm thick film of 
PEDOT:PSS (Clevios P VP AI 4083) was deposited as an ohmic 
hole-injecting layer by spin coating at 3000 rpm and annealing 
in air for 20 min at 150°C. The copolymers were spin coated on 
top of the PEDOT:PSS layer at 2000 rpm from toluene solutions 
(10–60 mg mL−1). The preparation of glassy-phase and β-phase 
films was carried out following the same procedure used for the 
photoluminescence spectroscopy samples. Finally, aluminum 
electrodes of 70 nm thickness were deposited onto the copolymer 
films, yielding sandwich structures with an active area, defined 
by the electrode overlap, of 25 mm2. The copolymer film thick-
ness values were 105 nm for 95F8:5BSP, 160 nm for 90F8:10BSP, 
280 nm for 80F8:20BSP, and 820 nm for 50F8:50BSP, adjusted to 
ensure a suitable time window for the transient peak as the mo-
bility increased with increasing arylamine content.

4.4   |   Air Photoemission Spectroscopy

Air photoemission spectroscopy (APS) is a technique used to de-
termine the molecular orbital energies of organic semiconduc-
tors. Its mode of operation is based on the photoelectric effect, 
measuring the number of photoelectrons emitted from a sam-
ple when illuminated by a tuneable monochromatic UV light 
source. Photoemission occurs when the photon energy exceeds 
the material's ionization potential, allowing the ionization po-
tential to be determined by scanning the excitation photon en-
ergy while measuring the resulting photoemission current.

Most photoemission spectroscopy techniques require measure-
ments under vacuum, as the electron mean free path at ambient 
pressure (1–3 μm) is too short for electrons to reach the detec-
tor [40]. In APS, however, photoelectrons emitted under am-
bient conditions are quickly stopped near the sample surface, 
forming a localized charge cloud. This leads to the generation 
of atmospheric ions. While the kinetic energy information of 
the electrons is lost, their electronic charge is conserved. These 
ions, having significantly longer mean free paths than electrons, 
can migrate toward a detector tip when a potential is applied, 
generating a measurable current. This enables an indirect mea-
surement of the photoemission current and hence the ionization 
potential of energy levels within the organic semiconductor film. 
The technique is widely used as an alternative to cyclic voltam-
metry electrochemical measurements. The latter are performed 
with the film immersed in an electrolyte, subject to counter ion 
interactions, and requiring an empirical correction factor to de-
termine the ionization potential [15].

Samples were prepared as 100 nm thickness films spin-coated 
from toluene solution (15 mg mL−1) on precleaned ITO-coated 
glass substrates. Glassy-phase and β-phase films were pre-
pared using the same process as for the photoluminescence 
spectroscopy samples. Ionization potential determinations 
were performed using air photoemission spectroscopy with a 
KP Technology APS-04 system. The tip was held at an average 
height of 1 mm above the sample surface and at a potential dif-
ference of +10 V relative to the underlying ITO electrode. The 
sample was simultaneously illuminated with a 4–5 mm diam-
eter light spot, provided by the monochromated output from 
a broadband (4–7 eV) deuterium lamp source. Increasing the 

incident photon energy leads to the onset of photocurrent when 
charges are excited from the sample. Straight line fits to the in-
creasing photocurrent slope were used to identify onset energies 
from which ionization potential values were deduced.
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