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Exciton Binding Energies in Conjugated Polyelectrolyte Films

Jung Hwa Seo,” Youngeup Jin,™ Jacek Z. Brzezinski,® Bright Walker,”” and Thuc-Quyen Nguyen*

Conjugated polyelectrolytes (CPEs) are materials that have a
conjugated backbone and charged functional groups. They are
finding applications in optoelectronic devices such as light
emitting diodes (LEDs),"" solar cells? light-emitting electro-
chemical cells,” and optically amplified biosensor assays.”
Since the ionic groups increase solubility in polar solvents such
as water or alcohols, CPEs enable fabrication of multilayer or-
ganic LEDs (OLEDs) using solution-casting methods when com-
bined with neutral conjugated polymers.>* Solution process-
ing techniques such as inkjet printing, roll-to-roll coating, and
screen-printing reduce fabrication costs, when compared to in-
organic semiconductors.® The CPE function in these OLEDs is
that of electron injection/transport layers (EILs/ETLs) and
allows the use of stable metals as cathodes, potentially simpli-
fying the encapsulation process.!>

Recent studies have shown that the performance of OLEDs
based on CPEs depends strongly on the charge-compensating
counterions, the charge type and the backbone structure.*®”
There has been a general acceptance that the pendant ionic
functionalities have no influence on the electronic structure of
the backbone.*® However, ultraviolet photoelectron spectro-
scopy (UPS) results have recently shown that CPE with similar
backbones but different counterions have markedly different
ionization potentials (IP), electron affinities (EA) and vacuum
levels, which are intimately related to the charge injection bar-
rier” A detailed understanding of CPE electronic structure as a
function of these structural variables is therefore important.
However, there have been few efforts to empirically study it
due to the difficulty of interpretation and analysis of conjugat-
ed polymers with long chains and various degrees of intermo-
lecular interactions."®™

To construct the energy diagrams of organic semiconduc-
tors, the lowest unoccupied molecular orbital (LUMO) is usually
estimated from the optical gap (E°), as measured by UV/Vis
absorption and the highest occupied molecular orbital
(HOMO) is obtained by cyclic voltammetry (CV) or UPS.['®'4

However, the F°*" is often smaller than the transport gap (E")
due to the interaction between the electron-hole pair (exciton
effect), as shown in Figure 1. The transport gap is defined by
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Figure 1. a) Left: The ionization potential (IP) and electron affinity (EA) of a
gas-phase molecule with an energy gap E°. Center: Relaxed polaron levels
including the polarization energies E** for cations (“hole”) and E*~ for
anions (“electron”) in a charged molecule. Right: the optical gap (E°*) for
the neutral excited molecule. b) In X-ray absorption spectroscopy (XAS), a
core electron is excited to the unoccupied states, when X-ray is incident.
Here, the photons measured in X-ray emission spectroscopy (XES) are pro-
duced when electrons in the occupied states refill the core hole. The energy
loss in resonant XES (RXES) typically corresponds to the transitions in which
electrons in the occupied states are scattered to the unoccupied states
when excitation energy is tuned near or on-threshold. (E,,.: vacuum level, E;:
Fermi level).

the existence of free electron-hole pairs. For this reason, it can
result in an error equal to the exciton binding energy
(E><m) 31 |t has been reported that in conjugated polymers,
the EZ™" js small (~200 meV), while in small molecules such
as Cg, the F>" is larger (-1 eV)."™ Until now, the " of
CPEs has remained unknown. Generally, a large £“*" is desira-
ble in OLEDs to increase the probability of electron-hole pair
recombination, while a small £ js required in solar cells to
facilitate the charge generation via ultrafast electron transfer.
Moreover, it is known that the interfacial dipoles (~0.5 eV) of
two cationic CPEs are larger than the neutral and anionic CPE
conterparts.”) The large interfacial dipole in organic semicon-
ductors can arise from the orientation of permanent dipoles.
However, it is generally not straightforward to experimentally
determine the dipole moment at an interface, particularly for
disordered polymeric systems.>'® Overall, the determination
of E, 9" and the molecular dipole moment (P) is essential
for a deep understanding of carrier injection, charge genera-
tion and transport phenomena in conjugated polymers.

In this contribution, we employ X-ray absorption spectrosco-
py (XAS) and X-ray emission spectroscopy (XES) to determine
the ET directly and estimate the LUMO and E™%", Figure 1b
depicts schematically the XAS process. Absorption of an X-ray
photon promotes an electron from the core level to an unoc-
cupied state, leaving behind a hole in the core level. XAS thus
reveals information about LUMO levels.'” In XES, an emitted
photon is detected when an electron in the occupied valence
states refill a core hole, providing information on the HOMO
levels."® The use of resonant XES (RXES) allows also selecting
specific atomic species in the CPEs and probing local energy
structure by tuning the incident photon energy to certain elec-
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tronic transitions."” We investigated in our studies a set of
CPEs with an identical poly(fluorene-co-phenylene) backbone
structure but with different counterions and charges. As
shown in Scheme 1, the materials are poly[9,9-bis[6'-(N,N,N-tri-
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Scheme 1. Chemical structures of PFN-Br, PFN*Br~, PFN*BIm, and
PFNSO, Na™.

methylammonium)hexyl]fluorene-alt-co-1,4-phenylene]bromide
(PFN*Br), the neutral precursor of PENTBr~ (PFN-Br), poly-
[9,9-bis[6'-(N,N,N-trimethylammonium)hexyl] fluorene-alt-co-
1,4-phenylene] tetrakis (imidazoly) borate (PFN*BIm,’), and
sodium  poly[9,9-bis(4’-surfonatobutyl)fluorene-alt-co-1,4-phe-
nylene] (PFNSO; Na™). From the distance between the HOMO
and LUMO energy positions obtained from XES and XAS ex-
periments, the E” of CPEs can be directly determined (Figure 1).
We have also evaluated the F*“*" of CPEs by subtracting F°*
from E['*'S1 Additionally, considerable insight into the P of
CPEs is gained from density functional theory (DFT).l"¢*2
Figure 2a shows the C 1s XAS spectra of PFN-Br, PFN*Br~,
PFN*BIm,  and PFNSO, Na*. All XAS spectra are normalized
to the peak at 300 eV after matching the baselines at 280 eV.
The sharp peaks observed below 292 eV correspond to C 1s—
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Figure 2. a) Normalized C 1s XAS spectra show 7t* and o* resonances in the
unoccupied electronic states. b) C Ka RXES spectra show it and o transitions
from C 1s in the occupied electronic states. The strong feature is taken at
the excitation energy (E,) of 284.7 eV, which is the first t* resonance (de-
noted as an arrow) in Figure 2a.
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mt* transitions (m* resonance), while the broader structures ob-
served above 292 eV correspond to C 1s—o* transitions (o*
resonance).”” From the asymmetry of the m*._ peak around
285 eV, one can surmise that additional features appear at the
shoulder (denoted as an arrow). The peak at 287.7 eV in the
four polymers corresponds also to a mixture of Rydberg and
hydrogen-derived antibonding molecular orbital states of o*._
and m*.,.”? In addition, C 1s—m* transitions between 286
and 288 eV are observed in the spectra of PFN*BIlm,  (dot
line) and PFNSO; Na* (dash line). The overall spectral features
agree well with near edge X-ray absorption fine structure
(NEXAFS) spectra previously reported for poly[9,9-bis[6’-(N,N,N-
trimethylammonium)hexyllfluorene (PF) derivatives.”? All CPEs
exhibit four similar features in the m* resonance region (the
LUMO regions), even though their relative intensities at 283-
292 eV are different. The w* resonances are also explained by
various contributions of electronic transitions from the C 1s
states from chemically different C atoms. Although the posi-
tions and shapes of the absorption features are similar, the
spectral intensity from each resonance and the presence of
certain shoulders reflect different molecular orderings and
electronic transitions into the CPE LUMO levels.

The C Ka RXES spectra of PFN-Br, PFN*Br~, PFN*BIm,” and
PFNSO; Na™ are presented in Figure 2b. All RXES spectra
were calibrated with respect to the resonance peak of
284.7 eV, which corresponds to the excitation energy (E,,) for
the first m* resonance observed in the C 1s XAS spectra. The
spectral weight above 276 eV changes upon using different
counterions and is contributed from = states (the HOMO
region), while the o states below 276 eV are insensitive to the
different counterions. In the mt state region (276-283 eV), the
spectral onsets of PFN*Br~ and PFNSO,; Na™ exhibit higher
emission energies than that of PFN-Br, indicating higher
HOMO energy positions (closer to the vacuum level). In con-
trast, PFN*BIm,~ exhibits a lower emission energy than that of
PFN-Br, indicating a lower HOMO energy position (further
away from the vacuum level). These observations are in agree-
ment with previous UPS data, since PFNTBIm,  has the high-
est hole injection barrier at PFN*BIm, /Au interface among
the three CPEs.”) One concludes that the CPE HOMO levels are
modified from that of the neutral polymer depending on the
type of counterions and charges.

The ET for the CPEs is now evaluated from the XAS and XES
results. The energy gaps determine optoelectronic properties
in the solid state. Two types of energy gaps, such as E' and
F°®, need to be considered and it is important to make a clear
distinction between them. In polymer solids, " is the energy
difference between the removal of an electron from the
HOMO and the addition of an electron into the LUMO. E°* cor-
responds to the formation of a Frenkel exciton with the elec-
tron and the hole on the same molecule or a charge transfer
exciton with the electron-hole pair on two adjacent molecules.
Therefore, a comparison of E' with F°* leads to an approxima-
tion of the E¥" (= E'—E°""), as shown in Figure 1a.

Combining XAS (unoccupied states) and XES (occupied
states) results provides a method to determine the E"'*? Fig-
ure 3a presents the C 1s XAS (filled circle) and C Ka XES
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Figure 3.a) C Ka XES spectrum (red) taken at the E,, of 310 eV and C 1s XAS spectrum (blue) of four conjugated
polymers. b) The charge density contours for corresponding to HOMO/LUMO level obtained from DFT calculation
after geometry optimization of all polymers. The red and green colors describe positive and negative charges, re-

spectively. The direction of the permanent dipole is denoted as an arrow.

(empty circle) spectra (excited at E,, =300 eV) of a neutral poly-
mer and the three CPEs. A detailed description of data analysis
is discussed in the Experimental Section. Briefly, after proper
deconvolution of the XAS and XES spectra, the HOMO and
LUMO energy positions were determined from the maximum
point of each peak.'? E” can be obtained from the peak-to-
peak distance between the HOMO and LUMO features; see

Table 1. The ionization potential (IP), electron affinity (EA), energy gap
(9™ in a gas-phase, transport gap (E"), polarization energy (E)*!, optical
gap (E°), exciton binding energy (E>“°"¥ and molecular dipole moment
(P) of conjugated polyelectrolytes obtained from the experimental and
theoretical results.

PFN-Br PFN*Br- PFN*BIm,” PFNSO, Na*
IP [eV] 5.46 5.32 5.53 543
EA [eV] 1.19 1.10 1.77 1.58
E[eV] 4.27 4.22 3.76 3.85
E'[eV] 3.724+0.05 3.67+0.05 3.46+0.05 3.604+0.05
E [eV] 0.554+0.05 0.55+0.05 0.304+0.05 0.254+0.05
P [eV] 2.98 2.96 295 295
EoCiton [aV] 0.744+0.05 0.71+0.05 0.51+0.05 0.65+0.05
P [Debye] 342 7.46 9.36 9.93
[a] °=IP—EA; [b] E=F"—F; [c] F*"" = F—F°P",

Table 1 for a summary of the resulting £" and E°** values. From
Table 1, we observe that the E=™" for four polymers range
from 0.51+0.05 to 0.7440.05 eV, where the largest E~" js
obtained for PFN-Br (0.7440.05 eV), and the smallest E~" for
PFN*BIm,  (0.51£0.05 eV).

The E="" values of CPEs are larger than that of neutral con-
jugated polymers reported in the literature, thus ET cannot be
derived from optical absorption measurements for polymer
semiconductors. This situation stems from the molecular polar-
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ization and charge localization.
When a charge carrier is created
in a molecular solid, its field po-
larizes the surrounding mole-
cules. The energy gap in the
solid phase (E") is thus expected
to be different with that in the
gas phase (E°. The E° is derived
from the difference between
the IP and the EA as shown in
Figure 1a. Because of the polari-
zation energy induced on the
surrounding medium by the
photoinduced hole, the hole
energy shifts to lower energy,
F** (upward toward E,,. in Fig-
ure 1a) with respect to the
HOMO level of the isolated mol-
ecule. On the LUMO side, the
polarization energy induced by
the presence of electron shifts
the electron-state energy to
lower potential energy, E-
(downward away from E,,. in Figure 1a) with respect to the
LUMO level of an insolated molecule.” Therefore, the polariza-
tion energy (E") and the relation between E° and E are given
by Equations (1) and (2)!"*”

LUMO

fﬁé"%

P
% 7_‘,4&‘_1_’ N
J;E -

v

f\,(\/‘\

EP = EP* + E™ (1)

ET = E°—FP (2)

Figure 3b shows the charge density contours for the corre-
sponding HOMO/LUMO levels of the conjugated polymers
studied here, as obtained from DFT calculations. The interest-
ing feature is that the HOMO and LUMO of the four polymers
predominantly originate from the identical poly(fluorene-co-
phenylene) backbone. From DFT calculations and Equations (1)
and (2), E° and E® are determined and summarized in Table 1.
PFN-Br and PFN"Br~ exhibit same values of E* (0.5540.05 eV),
while the E* of PFN*BIm,~ (0.340.05 eV) is similar to that of
PFNSO; Na™ (0.254:0.05 eV).

To extract the molecular dipole experimentally is challenging
due to the disorder in the material,”? however with the help
of DFT calculations we calculate P for four polymers. The direc-
tions of P for all conjugated polymers are illustrated as a blue
arrow, toward positive charge. This is also supported by the
distribution of the Mulliken atomic charges (see Supporting In-
formation).”*?* All polymers have permanent dipoles pointed
in the same direction. Charged polymers have relatively large P
as compared to the neutral polymer. Among the four poly-
mers, PFN*BIm,~ and PFNSO; Na™ have the largest P (9.36
and 9.93 Debye, respectively). The neutral polymer, PFN-Br has
the smallest P (3.42 Debye) followed by the PFN*Br~
(7.46 Debye). One can conclude that CPEs exhibit much stron-
ger P than the neutral polymer. Previous UPS results have re-
vealed small interfacial dipoles for PFN-Br and PFNSO; Na™,
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while relatively large interfacial dipoles for PFNTBr~ and PFN™*
Blm, . The calculated P of PFN-Br, PFN*Br~ and PFN*BIm,~
are then in good agreement with the UPS results, except for
PFNSO, Na™. It can be suggested that the shift in the vacuum
level at the CPE/Au interface observed by UPS is due to the in-
terfacial dipole, as well as the permanent dipole of CPEs."”
Consequently, the calculated P may offer quantitative informa-
tion on the formation of the interfacial dipole layer.

On the basis of our analysis of the experimental results,
there are substantial differences in the electronic structures of
CPEs as a function of counterion and charge. Table 1 summa-
rizes values derived from these experimental and theoretical
studies, including the calculated P. Our results show that the E',
En and P show significant differences depending on the
type of pendant ionic groups. The energy gaps in a gas-phase
(E% for CPEs are altered by modification of chemical structures.
From XAS and XES measurements, the E' values for the CPEs
were found in the range of 3.49+0.05 to 3.72+0.05 eV, de-
pending on the type of counterions and charges. A compari-
son of E" and E°** for CPEs gave E=™" in the range of 0.51+
0.05 to 0.74+0.05 eV. The neutral polymer with the highest
E" implies a localization of the electron-hole pair, while the
PFN-BIm,” with the lowest E~*" is associated with a more de-
localized state.

To summarize, the electronic structures of conjugated poly-
mers with identical poly(fluorene-co-phenylene) backbone but
with different pendant charges and counterions have been in-
vestigated by a combination of experimental and theoretical
methods. The simultaneous investigation of the unoccupied
and occupied electronic states obtained from XAS and XES re-
veals that the different functional groups give rise to CPEs
with dissimilar electronic structures, such as the HOMO/LUMO
levels, and E". Theoretical calculations show that E° values of
the CPEs are smaller than that of the neutral polymer. Further-
more, the Ps of CPEs are much larger than that of neutral
counterpart. The values for E', E*" and P provided here as a
function of molecular structure are essential for proper under-
standing of function in optoelectronic devices and should be
incorporated into future molecular design of CPE materials.

Experimental Section

Solution concentrations of 1% for PFN-Br and 0.6% for PFN*Br~,
PFN*BIm,” and PFNSO; Na* were prepared in different solvents
(chlorobenzene for PFN-Br, methanol for PFN*Br~ and PFN*
BIm,, a 2:1 mixture of methanol and water for PFNSO; Na™). The
prepared polymer solutions were spin coated on top of SiO, sub-
strate (2000 rom for PFN-Br, 1000 rom for PFN*Br~ and PFN*
Blm, , and 4000 rpm for PFNSO; Na™ for 60 s). The thickness of
all CPEs films was determined to be approximately 30 nm by
atomic force microscopy (AFM). To avoid surface contamination,
the samples were then transferred from the N,-atmosphere drybox
to the metal deposition chamber without exposing to air and
capped with a thin Au layer of ~5 nm.

XAS and XES measurements were carried out at beamline 8.0.1 of
the Advanced Light Source at the Lawrence Berkeley National Lab-
oratory, using the total fluorescence yield (TFY) mode. Excitation
energy for the resonant and nonresonant C Ka (2p—1s transition)
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emission spectra were selected at 284.7 and 310 eV. The measure-
ment angle was maintained at 30° between the incident X-ray and
the plane of sample’s surface. All measured spectra are normalized
to the number of photons falling on the sample monitored by a
highly transparent gold mesh.

As a process of evaluation of E', the relative binding energies of
XAS and nonresonant XES spectra were calibrated using the C 1s
binding energies taken from X-ray photoelectron spectroscopy
(XPS). The C 1s binding energies of four polymers are follow;
284.4 eV for PFN-Br, 285 eV for PFNTBr~, 285.4 eV for PEN*BIm, ",
and 284.8 eV for PFNSO; Na*.® To determine the HOMO and
LUMO energy positions, the spectra were deconvoluted using a
combination of Gaussian and Lorentzian functions. The rightmost
peaks of C Ka XES are assigned to be the HOMO position of each
CPE. Using a similar technique, the LUMO levels are determined
from the first deconvoluted peak of C 1s XAS.

DFT calculations were performed using the Gaussian 03 package
with the nonlocal hybrid Becke three-parameter Lee-Yang-Parr
(B3LYP) function and the 6-31G(d) basis set to elucidate the HOMO
and LUMO levels after optimizing the geometries of all CPEs using
the same method.
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