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3. STATEMENT OF THE PROBLEMS STUDIED

Renewable, lightweight, mechanically flexible, and high efficiency power
generation and energy conversion materials and devices (e.g., converting light or heat
into electrical power) has become a major scientific and technological challenge for the
military due to widespread use of mobile electronic devices in modern battlefield. For
instance, in a typical load of essential electronic devices each soldier is expected to carry
in the battlefield, over 30% of the total load weights are due to the traditional chemical
batteries in order to power the devices in a 24-hours period. For any flying objects in the
air or space, lightweight, renewable, and flexible shaped power generating and converting
systems are extremely critical.

3.1 Project Research Objectives

The immediate objective of this project research is to investigate a series of novel
polymers and/or polymer/dye composite materials systems for potential high efficiency,
lightweight, flexible, and portable photoelectric and thermoelectric power conversion
devices. The long-term objectives of the project include elucidation of the fundamental
mechanisms of photoelectric/thermoelectric processes in organic and polymeric
materials.

3.2 Project Research Approaches

We will design, model, synthesize, process, and characterize a series of novel
polymer/dye composite materials systems with frontier orbital levels (HOMOs and
LUMOs) and morphologies systematically investigated and optimized for high efficiency
photoelectric and thermoelectric energy conversion and radiation sensing applications.
Specifically, the frontier orbital levels and energy gaps will be systematically investigated
and optimized via molecular structural design and composite pairing among the
conjugated polymer donors, dyes, acceptors, conductors, and electrodes, efc., for
instance, the polymer/dye pairing will be the first research task. The morphologies of the
composite will also be optimized via chemical synthesis and solid state processing.

3.3 Project Challenges

The main technical challenge of the project is the availability of frontier orbital
matched, stable, processable, and functionalizable conjugated polymers (both donor and
acceptor types), dyes, and the development of polymer-dye covalently linked systems
that could efficiently convert light/heat into electrical power. Therefore, frontier orbital
matching studies and the materials design and chemical synthesis appear to be the most
critical and challenging tasks.

Norfolk State University/Sun 4
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4. SUMMARY OF MOST IMPORTANT RESULTS

4.1 Important Results On Photoelectric Studies

As described in the original project proposal, Figure 1 illustrates a general
frontier orbital (HOMOs/LUMOs) level scheme, and Figure 2 exhibits a general free
energy potential surface scheme of a typical donor/acceptor D/A binary
organic/polymeric material system for high efficiency and cost effective optoelectronic
energy conversion applications [1]. PI’s previous modeling studies predicted that the
photo generated exction dissociation (or exciton queching) at D/A interface occur most
efficiently only at an intermediate or optimal LUMO offset (JF) of D/A pair as illustrated
in Figure 3, i.e., too small or too large 0F would reduce the exciton dissociation [1-3].
As a matter of fact, one major research discovery from this project is that such theoretical
prediction was indeed confirmed by some experimental data or results and will be
elaborated in this report.

e Vaccum
3
N EA
D-LUMO SE{ x—\@
. A-LUMO

A
D-HOMO \\
' Y

A-HOMO
D/A Interface

Figure 1. Scheme of molecular frontier orbitals and photo-induced charge transfer (CT)
processes in an organic donor/acceptor binary light harvesting system.
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Figure 2. Scheme of standard Gibbs free-energy potential wells of photo-induced charge
transfer processes in an organic donor/acceptor light harvesting system.
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Figure 3. Scheme of photo induced exciton dissociation (or exciton quenching
parameter, Yeqp+a), middle solid curve), germinate charge recombination rate constant
(K, left long dashed curve), and charge recombination quenching parameter (Yqn+a),

right short dashed curve) versus LUMO offsets (0E) of a PPV based D/A pair [2-3].

The proposed project research include two thrust areas: ) A
polymer/dye/acceptor three-component photoelectric conversion system as shwon in
Figure 4a, and 2) A strong D/A pair with weakly coupled organic system for
thermoelectric conversion system as shwon in Figure 4b.
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The polymer/dye/acceptor three-component system has two potential advantages
compaired to the common donor/acceptor binary system: 1) it minimizes the photo or
thermally generated electron-hole pair recombination due to electrons and holes are
moving away from each other via an intermediate molecular unit (MU, such as a
molecular dye), and 2) availability of a vast variety of molecular dyes or units with
different frontier orbitals, energy gaps, and radiation absorption coefficients that may
match well with the intended radiation photons.

LUMQ 5 ——
T
R § N L —
1O\ ! o, o, { s LUMO
HOM(Q 4 } __________ ——
I}
HOMO
Donor MU  Acceptor Donor Acceptor
(a) ®)

Figure 4. Frontier orbital schemes of (a) proposed dye molecular units (MUs) sensitized
triple-component organic photoelectric systems and (b) organic donor/acceptor
thermoelectric systems.

During the project period, we systematically evaluated optoelectronic properties
of a series of polymers, dyes, and their composites, with particular focus on four dyes,
one polymer, and one acceptor: (a) meso-Tetra(4-carboxyphenyl)porphine (TCPP), (b)
Chloro(protoporphyrinato)iron(IIl) (Hemin), (¢) Protoporphyrin (Proto), (d) Zinc 2, 9, 16,
23-tetra-tert-butyl-29H, 31H-phthalocyanine (ZnPC), (e) cis-Bis(isothiocyanato)(2,2'-
bipyridyl-4,4'-dicarboxylato)(4,4’-di-nonyl-2'"-bipyridyl)ruthenium(Il) (Z907), (f) Poly(3-
hexylthiophene-2, 5-diyl) (P3HT), (g) [6, 6]-Phenyl C61 butyric acid methyl ester
(PCBM), where the chemical structures of these materials are shown in Figure 5. The
measured frontier orbitals (via CV and UV-Vis) of these materials are shown in Figure 6.
Table 1 lists the data of frontier orbitals, energy gaps, and optical absorption molar
extinction coefficients. It appears that the frontier orbital levels would make ZnPc and
7907 dyes as energy transfer acceptor units in reference to P3HT, and three dyes Hemin,
TCPP, and Proto exhibit electron acceptor type frontier orbitals compared to P3HT, and
exhibit electron donor type frontier orbitals compared to PCBM, i.e., these three dyes
appear to be the desired middle molecular units (MUs) or ideal candidates for
investigating the proposed three-component optoelectronic system. The UV-Vis
absorption spectra were illustrated in Figure 7.
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o]
(a) TCPP (b) Hemin (c) Protoporphyrin (Proto)
R
R
= N\

\ *\é CHs
N N\Zn)J N R= [-CHy

\ N/ Ny Y, CHs

R
R
(d) ZnPC (e) 2907
(f) P3HT (2) PCBM

Figure 5. Molecular structures of several materials in this study. (a) meso-Tetra(4-
carboxyphenyl)porphine (TCPP), (b) Chloro(protoporphyrinato)iron(IIl) (Hemin), (c)
Protoporphyrin, (d) Zinc 2, 9, 16, 23-tetra-tert-butyl-29H, 31H-phthalocyanine (ZnPC),
(e) cis-Bis(isothiocyanato)(2,2"-bipyridyl-4,4'-dicarboxylato)(4,4'-di-nonyl-2'-
bipyridyl)ruthenium(II) (Z907), (f) Poly(3-hexylthiophene-2, 5-diyl) (P3HT), (g) [6, 6]-
Phenyl C61 butyric acid methyl ester (PCBM)

Table 1. Frontier orbital levels and absorption coefficients of P3HT, PCBM and five

dyes.

P3HT(s) | TCPP Proto Hemin | ZnPC 7907 PCBM
HOMO.,eV | -5.05 -5.45 -5.13 -5.33 -4.83 -4.92 -6.18
LUMO,eV | -2.73 -3.57 -3.19 -3.49 -3.03 -2.97 -3.82
EgeV 2.32 1.88 1.94 1.84 1.80 1.95 2.36
Molar 1.2x10* | 1.39x10° | 1.05x10° | 3.08x10* | 2.02x10° | 3.91x10° | 4.82x10*
Absorption
Coefficient
M lem™)
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Figure 6. Frontier orbital levels of P3HT, PCBM and the five dyes.

TCPP
Abs coef. : 1.39 x 10°/Mcm
Hemin
Abs coef. : 3.08 x 104/Mcm
HJC\_:/:CH,
HKC%""J“N’}‘\}__\’ CHy
protoporphyrin Sy 15K
rotoporphyrin %5~ w\ N‘_g.-’j N
HO—( CHy 5
o Abs coef. : 1.05 x 10°/Mcm

Figure 7. Chemical structures, UV-VIS, frontier orbitals, and absorption coefficients of
TCPP, Hemin, and Protoporphyrin molecular units (MUs).

Charge Transfer (CT) and Energy Transfer (ET) Studies

The charge transfer (CT) and/or energy transfer (ET) in a D/A pair can be
experimentally determined via photoluminescence (PL) measurements if donor and
acceptor exhibit PL emissions. For instance, as schematically illustrated in Figure 8 [4],
assuming a hypothetic pristine donor (exciton/energy or charge donor) exhibits a
normalized PL emission peak at 500 nm (2.48 eV), and a hypothetic pristine acceptor
(exciton/energy or charge acceptor) exhibits a normalized PL emission peak at 600 nm
(2.07 eV), and both have the same quantity. In the case where photo induced charge
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transfer (CT) occurs between the pair, the PL emissions of both should be quenched by a
same quanta corresponding to the number of transferred charges (designated as APLct
that can be measured/estimated directly from the PL emission peak changes), for
instance, by a hypothetical 4PLcr= 50% PL peak decrease of D+A (CT) curve in Figure
3.40. In the case where photo induced energy or exciton transfer proceeds from the
donor to the acceptor, then the donor PL should be decreased by the same quanta
(designated as 4PLgt) while the acceptor PL should be increased by the same amount, for
instance, by a hypothetical APLgr = 30% in D+A (ET) as shown in Figure 8 [4].

Suppose both CT and ET may occur simultaneously in a D+A blend, i.e., in a
hypothetic case of D+A (CT+ET). Using APLp as the total PL emission peak change of
D, APL as the total PL emission peak change of A, APLpp represents the donor PL
emission peak change due to the D concentration change, 4PLpa represents the donor PL
emission peak change due to the A concentration change, 4PLap represents the acceptor
PL emission peak change due to the D concentration change, APLaa represents the
acceptor PL emission peak change due to the A concentration change, and assuming
other factors such as aggregation induced PL quenching can be neglected in very dilute
solution, the following relationships or approximations may apply

APLp = APLct + APLgT + APLpp+ APLDA (1)
APLA = APLct - APLgt + APLAAT APLAD (2)
Combining equations 1 and 2, one obtains
APLct = (APLp + APLA - APLpp— APLpa- APLaa— APLAp)/2 3)

Equation 3 provides an estimate of charge transfer (CT) contribution if both CT
and ET occurs in a D/A pair and both exhibit PL [4].

In our studies, the D (P3HT) concentration is fixed, 4PLpp and 4PLap become
zero. Also, the dye emission do not contribute to P3HT peak emission (other than CT
and ET), the 4PLpa can also be neglected. So equation (3) becomes

APLct = (APLp + APLs - APLaa)/2 (4)

Equation (4) is being applied in our studies to estimate charge transfer (CT)
component of the P3HT/Dye PL quenching data. For instance, at 440nm excitation
wavelength, Proto exhibits about 100% CT without ET, while TCPP exhibits about 40%
ET and 60% CT [5]. To our knowledge, this is the first attempt or approach to
distinguish the fraction of CT versus ET when both occurs in one D/A pair.
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Figure 8. Schematic photoluminescence (PL) emission spectra of a pristine donor (D), a
pristine acceptor (A), blend of the donor and the acceptor (D+A) in case of charge
transfer (CT), and blend of the donor and the acceptor (D+A) in case of energy transfer
(ET) [4].

The dye concentration dependent PL quenching spectra of P3HT with each dyes
are shown in Figures 9, 10 and 11, where the PL data (4PLp and 4APL4) are combined
with pure dye PL data (4PLaa) obtained separately, so the charge transfer CT component
can be calculated from equation (4). The Stern-Volmer (SV) PL quenching plots based
on CT are plotted and shown in Figure 12. It can be seen that CT induced PL quenching
coefficients (Ks) follows a descending order from Hemin, Protoporphyrin, to TCPP.

Figure 9. Photoluminescence (PL) spectra of P3HT/Hemin in THF with Hemin
concentration increase.
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Figure 10. Photoluminescence (PL) spectra of P3HT/TCPP in THF with TCPP
concentration increase.

Figure 11. Photoluminescence (PL) spectra of P3HT/Proto in THF with Proto
concentration increase.
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Figure 12. Stern-Volmer plots of the P3HT PL with Hemin, Protoporphyrin, and TCPP.
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Figure 13. Frontier energy levels of all materials in fabricated solar cell devices.

In preliminarily fabricated and tested (but not yet optimized) solar cells made of
the P3HT/dye/PCBM composites (cell frontier orbital levels and structural schemes are
shown in Figure 13 and 14), the short circuit current densities Js as well as the overall
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power conversion efficiencies (PCE) also follow a descending order from Hemin,
Protoporphyrin, to TCPP (Figure 15 and Table 2), despite Hemin has the smallest
absorption coefficient (¢). Figure 16 exhibits comparisons of absorption coefficients (),
dye/P3HT PL quenching constants (K,), dye/P3HT LUMO offsets (0F), and power
conversion efficiencies (7) of three solar cells fabricated from the P3HT/dye/PCBM
composites. Most notably, the power conversion efficiencies of the solar cells follows
the PL quenching trend nicely, i.e., the Hemin dye with strongest PL quenching to P3HT
exhibits best power conversion efficiency. However, as exhibited in Figure 17 and Table
1, the Hemin dye exhibits an intermediate polymer-dye LUMO offset (0F) and lowest
absorption coefficient (¢) as compared to the other two dyes. This reveals two critical
information: 1) Too much LUMO offset or electron transfer driving force results in
smaller PL quenching and smaller power conversion efficiency, this could be another
critical experimental evidence for the Marcus “inverted” electron transfer model; 2)
Optimum electron transfer driving force or strong PL quenching appears much more
critical than absorption coefficient for optoelectronic conversion coefficients. This study
shall be continued with more molecular light harvesting units or dyes to further verify
such key observation or conclusion.

0
Al
P3HT:Dye:PCBM
PEDOT:PSS
ITO-Glass
0 |

Figure 14. Scheme of the solar cell device structure of P3HT/dye/PCBM fabricated in
this study.

Table 2. Performance of ITO/PEDOT:PSS/P3HT:Dye:PCBM/AI Bulk heterojunction
photovoltaic devices under a solar simulator.

Jsc (mA/cm?) Voe (Volt) FF (%) PCE (%, un-
calibrated)
Hemin 4.1 0.24 25.624 0.25
Proto 1.07141 0.16 22.615 0.038
TCPP 0.73412 0.28 15.723 0.033
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Figure 15. The J-V curves for P3HT/dye/PCBM solar cells.

Figure 16. The normalized trends of molar absorption coefficients (¢), PL quenching
constants Ksy, LUMO orbital offsets ALUMO (oE), and the fabricated solar cell power
conversion efficiencies (1) among three P3HT/dye pairs.
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Figure 17. Correlation of Ky versus ALUMO (dE) of P3HT/Dye.

Synthesis and Chateracterization of a Covalent PHT-Hemin System.

Another major accomplishment is the covalent coupling of Hemin dye to the two

ends of the P3HT, where the synthetic scheme is shown in Figure 18.

Hex CeHia CsHia CeHia

1) RMgCl {
I\ S N@oeoch J\ POCl; 75°C A , f
' ppp)Cla —_— LiAlH, / THF
Br'/(::‘/\ﬁr H g nH N-methylformanilide OHC & nCHO T HOHC S nCHzc'H
(a)
(b)

Figure 18. (a) Synthetic scheme for hydroxyl terminated P3HT (b) Synthetic scheme for
the P3HT-Hemin
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The covalent P3HT-Hemin is prepared in four steps as shown in Figure 18a-b:
(1) Synthesis of Poly(3-hexylthiophene) with H/H End Group, (2) Synthesis of Poly(3-
hexylthiophene) with CHO/CHO End Group, (3) Synthesis of Poly(3-hexylthiophene)
with HO/HO End Group and (4) synthesis of P3HT-Hemin.

The formation of H/H terminated Poly(3-hexylthiophene) was characterized by
proton NMR, where the proton peak integration revealed the synthesized P3HT has about
49 repeat units. The final formation of P3HT-Hemin polymer-dye complexes were also
characterized by gel permeation chromatography (GPC) (Figure 19 and Table 3). P3HT
synthesized in this study has a narrow molecular weight distribution (Mn=8400,
Mw/Mn=1.15). After the two ends hydroxyl terminated P3HT was reacted with Hemin
(Mn=652g/mol), the GPC traces shifted to higher molecular weights (Mn=9638),
indicating that the two Hemin dyes (2x652=1304) were attached to both sides of P3HT
chain (Table 3).

Figure 19. GPC traces of HO-P3HT-OH (blue line), Hemin (gray line), P3HT/hemin
blend (yellow line) and P3HT-Hemin covalent system (red line).

Table 3. GPC parameters of HO-P3HT-OH, P3HT-Hemin.

HO-P3HT-OH P3HT-Hemin
Mn - (Daltons) 8430 9638
Mw - (Daltons) 9666 11012
Mz - (Daltons) 10860 12345
Mp - (Daltons) 9398 10663

Norfolk State University/Sun 17




Final Projet Report for Award #: W911-NF11-1-0158

Figure 20 shows the UV-visible absorption spectra of P3HT (blue line), Hemin
(purple line), P3HT-Hemin(red line) and P3HT/Hemin bland (green line) in THF
solution. The maximum absorption wavelength (Amax) of covalent P3HT-Hemin at
419nm was blue shifted comparing to pure P3HT with Anax at 445nm, and also different
with the absorption spectra of P3HT/Hemin blend or pure Hemin. It also implies that

covalent P3HT-Hemin was synthesized successfully.

Figure 20. UV-visible absorption spectra of P3HT (blue line), Hemin (yellow line),
P3HT-Hemin covalent system (red line) and P3HT/Hemin blend (gray line) in THF.

Another evidence for the formation of P3HT-Hemin is the photoluminescence
(PL) quenching comparison of pure P3HT and P3HT-Hemin in THF solution as shown in
Figure 21. Different excitation wavelengths (400nm and 375nm) were used to excite
P3HT and P3HT-Hemin with the same P3HT concentration (1.0x10#M). The PL peaks
of P3HT and P3HT-Hemin are almost same at 470nm and 468nm, respectively, while the
PL peak of P3HT-Hemin sample exhibited more about 60% quenching compared to pure
P3HT solution. The PL quenching can be attributed to photo induced charge transfer
(CT) from P3HT to Hemin in P3HT-Hemin chain.
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Finally, an AM 1.5G solar simulator was used to study the efficiency of the
fabricated solar cell devices, where the photo JV curves of the cells are shown in Figure
22, and the open circuit voltage (Voc), short circuit current (Jsc), fill factor (FF), power
conversion efficiency (1, un-calibrated and calibrated) data are listed in Table 4. The
calibrated PCE data are based on a reference standard Silicon solar cell RK5N3726 (from

ABET Technologies) measured at the same set up and the same condition.

Figure 21. PL of P3HT (blue line) and P3HT-Hemin (orange line) in 1x10*M THF.

The results indicate that P3BHT-Hemin/PCBM solar cell devices exhibits a 63%
enhancement of PCE, 9.8% enhancement of Jsc, and 28.6% enhancement of Voc than
P3HT/Hemin/PCBM blend cells, and 16% enhancement of Voc than P3HT/PCBM cells.
Better photo induced charge separation appears to be the key factor in P3HT-
Hemin/PCBM cells due to more convenient reach of photo generated excitons toward the

P3HT-Dye interface.
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Figure 22. The J-V curves of P3HT-Hemin/PCBM and P3HT/Hemin/PCBM solar cells.

Table 4. The photovoltaic parameters of PSHT/PCBM and P3HT/PCBM/Hemin. The
calibrated PCE data are based on a reference standard solar cell RK5N3726 measured at
the same set up and the same condition.

P3HT- P3HT/PCBM/Hemin
Hemin/PCBM
Jsc, mA/cm?2 8.74 7.96
Voc, V 0.36 0.28
FF, % 27.14 23.17
PCE, % 0.86 0.53
PCE, % (Calibrated) 3.18 1.95

Future work include a systematic screening of more polymer/dye pairs with more
severe PL quenching (an intermediate optimal ALUMO need to be identified), and better
solid state morphologies, and to further optimize the processing and fabricating
conditions of polymer/dye optoelectronic devices.

4.2 Important Results On Thermoelectric Studies

In a strong donor/acceptor pair where the donor HOMO is close but slightly lower
than the LUMO of an acceptor as shown in Figure 4b and Figure 23 [4], once the
electron is transferred from the D-HOMO to the A-LUMO as a result of heat or 47, it can
move away from the donor dopant site (i.e., donor is the minority) in the acceptor LUMO
band (i.e., acceptor is the majority, Figure 23b) due to both mobile electron density or
chemical potential gradient or a temperature gradient 47. Such electron transport or
migration in the material would result a spatial voltage 4V as shown in Figure 23c. The
thermoelectric Seebeck coefficient (S), the thermal power factor (TPF), and a figure of
merit (ZT) of thermal electric materials are defined as
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S=AV/AT (5)
TPF = $%c (6)
ZT =S% T/« (7)

Where o is the electrical conductivity, and « is the thermal conductivity. Clearly, in order
to increase the Seebeck coefficient and other thermoelectric properties, it is crucial to 1)
increase thermal doping generated charge carrier density which contribute to both 4V and
o, and 2) improve electron transport or the acceptor LUMO bandwidth Ej, that also
contribute to both 4V and 6. Thermal doping generated electron density is proportional
to the thermal incurred electron transfer rate which in turn are related to the driving
forces such as k7" (due to A7) and the counter driving forces such as dE> and a charge
transfer reorganization energy A (Figure 4b). Based on Marcus electron transfer model,
an optimal thermo-doping charge generation condition appears to be when

kT- 0E; -L=0 (8)

i.e., there could exist an optimal JE> at specific kT and A values.

T Tl T T+aT—4l 5 T
LUMO == - [
of~\ ~ oL
HOMOu- 5 &ﬁzz : &Ezu
e ® © 0 O ® O 060
D A D" A A A D*TA'

(a) (b) (©)

Figure 23. Scheme of thermoelectric (Seebeck) process based on an n-type thermal
doping: (a) before heating; (b) after heating and electron transfer or charge separation; (c)
after electron transport or diffusion in the acceptor majority phase [4].

In order to investigate the correlation of thermo-doping generated charge carrier
density (or conductivity o) versus JE> as discussed above, a series of D type polymers
with differeing 0E> values of a D/A pair need to be synthesized and studied. In this work,
four PPV type polymers have been successfully synthesized (chemical structures are
shown in Figure 24), and their frontier frontier orbital levels, energy gaps, and the JE>
values with a strong acceptor lodine are shown in Figure 25. The four synthesized PPVs
appear ideal for the 6-JE> correlation studies due to their gradual decreasing of HOMO
levels, and that the charge transfer reorganization energy (A) should be similar due to
similar chemcial structures.  Figure 26 exhibits a simple device and conductivity
measurement scheme, and Figure 27 exhibits an example IV curve of a 30% doped SF-
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PPV2 film. Table 5 lists the 30% lodine doped conductivity data of the four polymers
versus their JE> values, and Figure 28 exhibits the conductivity versus both 30% and
15% lodine doped polymers.

“"CeHyy

O.
CioHz

O,
CioHz

SF-PPV1

SF-PPV2 SF-PPV3

Figure 24. Chemical structure of the four polymers studied.

0
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-3
-4
-5
-6
-7
3 .
C8-PPV | SF-PPV-1 | SF-PPV-2 | SF-PPV-3 | lodine
BHomo 506 | -535 | 549 | 577 | 707
Mlumo, -285 | -303 | -301 | -315 | -505
AH/L | 0.01 0.30 0.44 0.72
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Figure 26. Scheme of electrical device and conductivity measurement set up.

Figure 27. IV curve of a 30% lodine doped SF-PPV-2.

Norfolk State University/Sun

23




Final Projet Report for Award #: W911-NF11-1-0158

Table 5. Correlation of conductivity versus LUMO offset of polymer/iodine pair.

Polymer name oE 6 (S/cm, 30% doped) o (S/cm, 15% doped)
C8-PPV 0.01 3.68e107-07 2.06e10"-7

SF-PPV-1 0.30 2.05e107-07 1.17 e107-07
SF-PPV-2 0.04 1.90e107-07 9.25e¢107-08
SF-PPV-3 0.72 1.60e10"-07 3.30e107-08

Figure 28. Correlation of electrical conductivity (o) versus LUMO offset (0E>) of
polymer/lodine pairs with Iodine doping levels at 15% (triangles) and 30% (squares).

Based on data from Figure 28, it appears the conductivity (or room temperature
thermal doped charge carrier density) are decreasing as JE increases for this particular
set of PPVs. This implies, the key thermal doping driving force at room temperature is
smaller than the two counter-driving forces (i.e., kKT< J0E> + A), so the system is in the
normal region of Marcus electron transfer model [2-3, 6-7]. One key next step research
include decreasing the JE> (or increasing the £7) to find out if an optical condition exist
for most efficient thermoelectric charge generation.

In summary, this research revealed several important or critical information: 1)
Too much LUMO offset or electron transfer driving force between the polymer and dye
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would result in weaker PL quenching and optoelectronic device power conversion
efficiency, this experimentally confirmed some earlier theoretical speculation or
prediction and could become another evidence for the “inverted” region of Marcus
electron transfer model. The results could be very useful for materials design for
developing high efficiency organic and polymer based optoelectronic devices; 2)
Optimum LUMO offset or highest PL quenching appears much more critical than molar
absorption coefficient for polymer-dye based optoelectronic conversion efficiency. 3)
The optoelectronic performance of covalent attached polymer-dye system is much better
than the polymer/dye blend system, this could be attributed to more convenient reach of
polymer/dye interface of photo generated excitons in the covalent system resulting in
more efficient exciton dissociations. 4) For thermoelectric studies, it appears the
thermoelectric charge carrier generations of the four conjugated polymers doped with
iodine at room temperature are in the normal region of the Marcus electron transfer
model. An optimal thermoelectric charge generation condition may be identified with
further decreasing the orbital offsets (D-HOMO/A-LUMO) of the D/A pairs or increasing
the temperature, or both.

4.3 Student Training/Education/Publication Accomplishments

Though the project only budgeted/supported one graduate student, in reality, with
leveraged supports from other sources, at least five graduate students (Two PhD levels
and three Master levels) and several undergraduate students were trained and/or directly
benefited as a result this project award, as these students are all part of the polymer
research group contributing fully or partially on the project related research activities.
Specifically, two PhD level students in polymer group successfully defended their PhD
degree thesis already. One MS student who contributed to the thermoelectric studies
defended her MS thesis and degree in December 2014, and another MS student defended
his MS thesis in June 2015. Another graduate student has successfully passed all his PhD
candidacy qualifying exams in summer 2015 is on the track toward a PhD degree. In
addition to scientific journal publications, conference and invited seminar/lecture
presentations, additional educational accomplishments include the preparation and
submission (in July 2015) of the second edition of a graduate level textbook
“Introduction to Organic Electronic and Optoelectronic Materials and Devices”, eds. S.
Sun and L. Dalton, CRC Press/Taylor & Francis: Boca Raton, Florida, USA (1* edition
ISBN-13: 978-0849392849), where four new chapters "Organic Spintronics", "Organic
Thermoelectrics", "Organic Photo-actuators", and "Modeling" were added to the book
second edition that is expected to be published during 2015-2016.  Finally, a new
textbook contract based on a new graduate level course titled "Materials and Devices for
Solar Energy Conversions" (MSE-703) has been signed with Springer-USA and the
textbook materials is currently under development and is planned to be published during
2016.
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