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ABSTRACT

Dye-sensitized solar cells (DSSCs) are one of thstmromising organic photovoltaics. The
optimized efficiency of a tandem cell combined wbtiith n- and p-type DSSCs was theoretically
predicted to be 43%. The bottleneck for reachirgdptimized performance is limited by the p-
type half-cell, particularly the lacking of an appriate semiconducting material as the
photocathode. In this regard, we report the suafdemnediated synthesis of nickel oxide
nanomaterial using a chemical co-precipitation meth The new material was fully
characterized by XRD, SEM, XPS, EDS, and BET. THel Besult indicates the nickel oxide
nanoparticles synthesized with surfactant attaghd surface area than the conventional one. In
addition, the new organic dyes with electron-defitidiphenylquinoxaline incorporated within
the molecular structure were prepared for p-type-sinsitized solar cells with the newly
prepared NiO as the photocathode. The new orgayes donsist of carboxylic acid as the
anchoring group, triphenylamine as the electronodo?,3-diphenylquinoxaline as the auxiliary
acceptor moiety, 2-methylenemalononitrile as etecticceptor, connected with thiophene, 3,4-

ethylenedioxythiophene, and 2,2'-bithiophene asttBpacer. Sensitizers with mono-anchoring



group (EH166, EH122, and EH174) performed bettan tineir corresponding double-anchoring
sensitizers (EH162, EH126, and EH170). Among thebge EH174 exhibited the best
conversion efficiency up to 0.207% with a shortait photocurrent density of 4.84 mA&yan
open-circuit photovoltage of 137 mV, and a fill tacof 0.312. The current results indicate that
the combination of electron-deficient quinoxalinetih with suitable re-linker in a D-ATtA

molecular structure is a promising design of p-tgpasitizers for NiO-based p-DSSCs.
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1. Introduction

Solar energy is largely abundant, exceeding oweatiglobal annual energy needs. The
total solar energy absorbed by earth's atmospbeeans and land masses is approximately 3.85
x 10* joules per year[1]. Radical improvements in deuisenufacture led to a remarkable
increase in solar energy conversion efficienciesb significant price cuts [2]. The dye-sensitized
solar cell (DSSC) is one type of organic photovoftamimicking the process of natural
photosynthesis [3]. Up to date, the majority af tlesearch efforts on DSSCs has been focused
on the development of n-type DSSCs (n-DS3GH) the highest efficiency up to 14% [4, 5].
The interest in studying p-type DSSCs (p-DSSCs) d6]an important component for the
construction of tandem DSSCs (t-DSSCs) with n-DS8@s for potential solar fuel with dye-



sensitized photoelectrochemcial cells has beercasfoecently[7-9]. Theoretical prediction for

the t-DSSC is projected to 43% when all componentise cell are optimized [10].

Compared to n-DSSCs, nevertheless, much less studige been reported on the
sensitization of p-DSSCs with wide band gap p-tygeiconductors [11]. The highest efficiency
of p-DSSC with iodide/triiodide based redox elelgtimis 0.61% using the sensitizer, TPA-6T-
PMI (triphenylamine-sexithiophene-perylene monoijdwith a push-pull structural design
[12]. The efficiency of TPA-6T-PMI sensitized p-DSSvas boosted to 1.3% with the cobalt
based redox mediator and registered the highest opeuit voltage of 709 mV[13]. Recently,
the efficiency of p-DSSC was further raised to@ord high of 2.51% for the same sensitizer via
iron based redox mediator[14]. The best efficiefmypn t-DSSC achieved 4.1% with a TiO
photoanode sensitized by dye D35 and a NiO phdtodat sensitized by a diketopyrrolopyrrole
dye [15].

The most commonly used photocathode material OSECs is NiO, which possesses a
wide band gap of 3.5 eV with excellent chemical #mefmal stability. However, NiO suffers
significant drawbacks as the photocathode becalu® small energy gap between the valence
band of NiO and commonly usedld redox couple that results in low photovoltage and 2
limited thickness due to the weak mechanical stted NiO that reduces the amount of dye
loading and lowers down the light harvesting afiland 3) low intrinsic conductivity of NiO
that slows down the hole mobility and reduces tharge collection efficiency and fill factor. In
order to boost p-DSSCs with better performanceegstigations have been carried out on both
novel p-type semiconductors and light harvestingsfii6-20]. The criteria for appropriate p-type
semiconductors include good hole collection efficigand better mechanical strength in
comparison with conventional NiO [21-28]. The st@t of designing p-type photosensitizers
aims at superior light harvesting efficiency, sbiéaenergy level alignment with both the valence
band of p-type semiconductor and the redox poteatiaredox mediator, and effective charge
separation to suppress charge recombination[29-36].

Hole transport in the mesoporous film is one oflthnting factors to the performance of
p-DSSCs, pointing out the need to improve the loaeductivity of the nickel oxide based
electrode[37]. As yet, the efficiency of p-type &y is limited by the intrinsically low open

circuit potential caused by the small differenceatential between the quasi-Fermi level in the



semiconductor and the electrochemical potentialhef redox mediator [38]. In addition, low
photocurrent density due to fast charge recomlmnatetween the reduced dye and the holes
generated in thaickel oxide as well as the low light-harvestin§e@éncy (LHE) resulting from
the limited dye loading on the nickel oxide film l#lad to low efficiencies [39-42].

In this work, we report the synthesis of dodecyigthylamonium bromide (DTAB)
mediated nickel oxide with a uniform particle semed excellent morphology for photocathode
material of p-DSSCs. Six new organic p-type sersiti with a D—A#xA framework were
prepared with triphenylamine (TPA) as a donor, laoteon deficient 2,3-diphenylquinoxaline as
the auxiliary acceptor, various thiophene derivegivas thawlinkers, methylene malonitrile as
the electron acceptor, and carboxylic acid as tieharing group. The molecular structures of
these dyes are shown in Fig 1. Organic dyes wieten-deficient quinoxaline incorporated
within a D—A-—A framework have been widely employed as photaseers for n-DSSCs [43-
49]. Our findings here along with the literatur@ag confirm that quinoxaline unit could also be

an effective auxiliary acceptor for p-DSSCs [50].

Fig. 1: Molecular structures of p-type sensitiztd4122, EH126, EH162, EH166, EH170 and
EH174



2. Experimental Section

2.1 Materials and Characterization Methods

All reagents are commercially available unless wtise noticed. Powder X-Ray
diffraction patterns were recorded® 2n the range of 20-90° using a Briker D8 Advance
diffractometer (Cu Ka, 40 kV, 40 mA). Morphology oénoparticle and surface of the thin film
analysis done by field-emission scanning electrooraacope with model (ULTRA PLUS, a
member of Carl Zeiss). The Brunauere-Emmete-Tel(BET) specific surface area
measurements were carried out with a micrometri&A\R 2020 surface area and porosity
analyzer instrument using ;Nis gas analyzer. Elemental analysis was done usieggy
dispersive x-ray spectroscopy (EDS) and x-ray p#letdron spectroscopy (XPS). Work
function measurements were done on an AC-2 modsbplectron spectrometer (Riken Keiki).
The film thickness of each working electrodes weeasured by surface profilometer-Dectack
50. Photocurrent—voltage characteristics of p-typkar cell devices were measured by using a
LSQE-IV Class AAA solar simulator (SAN-EL Electrio.) at a light intensity of 100 mW¢ém
and calibrated by using an Oriel reference soldlr (€riel 91150, New port S). Intensity-
modulated photovoltage spectroscopy (IMVS) wasiedrout by using an electrochemical
workstation (Zahner, Zennium) equipped with a fesgry-response analyzer under an intensity-
modulated (10 to 300 WA) white-light-emitting diode. The frequency rangasaset from 1
kHz to 100 mHz. Cyclic voltammetry experiments weerformed using a CH Instruments
electro-chemical workstation (model 660A). The ekpents were carried out under, N
atmosphere in DMF solution containing 0.1 M tettgtammonium hexafluorophosphate (n-
BwNPFR;) as a supporting electrolyte at a scan rate of m®s. The potentials are quoted
against the ferrocene standard. UV-visible absonpsipectroscopy measurements were carried

out using Varian Cary 300 type UV-Vis spectrophogten.

2.2 Surfactant mediated synthesis of nickel oxide

The surfactant mediated synthesis of nickel oxides warried out according to the
following procedure. The hexahydrate nickel(ll) arfidle (1 g) and DTAB (1 g) were dispersed

and stirred in 40 mL of deionized (DI) water at modemperature. Subsequently, a sodium



hydroxide solution (0.94 g in 40 mL DI water) waddad slowly to the nickel(ll) chloride
solution [42]. The combined solution was kept forhlwith constant stirring before being
centrifuged and washed with DI water to purify frepectator ions. The residue was dried at 90
°C to remove the solvent and produced the gredtehigydroxide (Ni(OH)). The thus obtained
nickel hydroxide was calcined at 350 °C for 2 lyild the desired NiO.

2.2 Synthesis of organic compounds

The synthetic procedures for precursors and seesstiare depicted in Scheme S1-S3 in
Supporting Information. Compounds [51], Q [52], 5 [53], TPA2 [54] were synthesized

according to the literature procedures.
2.2.1 5'-(8-bromo-2,3-diphenylquinoxalin-5-yl)-[2,2’-biibphene]-5-carbaldehyd®-BT)

A mixture in a 250-mL flask containing compouid1.00 g, 4.76 mmol), compour@
(4.19 g, 9.52 mmol), Pd(PBBCI, (0.17 g, 0.24 mmol), N&O; (1.77 g, 16.66 mmol) and 100
mL THF/H,O mixed solvent (v/v = 4/1) was refluxed for 8 heTsolvent was evaporated and
the residue was extracted with DCM and water. Tigamic layer was collected and dried over
MgSQO,. Solvent evaporation afforded the crude compo8nevhich was dissolved in 7 mL
DMF. To this DMF mixture was dropwisely added P@@.6 mL) in an ice bath. The mixture
was heated to reflux for 8 h and cooled to roompemature. The solution was neutralized by an
agueous NaHC®in an ice bath followed by extraction with DCMBI. The organic layer was
collected and dried over MgQOThe desired producQ-BT was obtained by column
chromatography flashed with EA/hexane (1/5) asdesmid (1.87 g, 71%)'H NMR (400 MHz,
CDCls, ppm):8 = 9.89 (s, 1H), 8.08 (d,= 8.0 Hz, 1H), 8.01 (d] = 8.0 Hz, 1H), 7.85 (d] = 4.0
Hz, 1H), 7.74-7.69 (m, 5H), 7.47-7.36 (m, 7H), 7(82J = 4.0 Hz, 1H)!*C NMR (125 MHz,
CDCl3;, ppm):6 = 182.5, 153.5, 152.7, 147.5, 141.7, 139.5, 13838,8, 138.2, 138.0, 137.51,
137.48, 133.1, 131.7, 130.5, 130.3, 129.5, 128128.35, 127.5, 126.8, 125.7, 124.0, 123.3.
HRMS (FAB) m/z: calcd for gH1gBrN,OSy: 553.0044; [M+H] found: 553.0046.

2.2.2 7-(8-bromo-2,3-diphenylquinoxalin-5-yl)-2,3-dihydhteno[3,4b][1,4]dioxine-5-
carbaldehyd¢Q-EDOT)

A mixture in a 250-mL flask containing compousd1.00 g, 5.88 mmol), compour@
(5.17 g, 11.75 mmol), Pd(OAc]0.21 g, 0.94 mmol), N&€O; (2.18 g, 20.57 mmol) and 100 mL



DMF solvent was refluxed for 8 h. The solvent waaporated and the residue was extracted
with DCM and water. The organic layer was collectew! dried over MgS© The desired
productQ-EDOT was obtained by column chromatography flashed &i#ithexane (1/5) as a
red solid (1.40 g, 45%YH NMR (400 MHz, CDC4, ppm):& = 10.01 (s, 1H), 8.49 (d, = 8.0

Hz, 1H), 8.08 (d,) = 8.4 Hz, 1H), 7.72-7.67 (m, 4H), 7.42-7.34 (m)p#46 (s, 4H)**C NMR
(125 MHz, CDC4, ppm):8 =180.6, 153.4, 152.7, 147.6, 140.0, 138.5, 1382,8, 132.9, 130.5,
130.3, 129.9, 129.6, 129.5, 129.4, 128.4, 128.3,9,2123.0, 119.9, 64.9, 64.8. HRMS (FAB)
m/z: calcd for G/H1gBrN,OsS: 529.0222; [M+HT found: 529.0233.

2.2.3 Methyl 4-(bis(4-bromophenyl)amino)benzoél®)

To a 250-mL flask containing compoudd (1.00 g, 2.24 mmol) was added 100 mL of
methanol and 2 mL $¥$0O,. The solution was heated to reflux for 8 h befoeing cooled to
room temperature. The mixture was extracted wittem@CM. The organic layer was collected
and dried over MgS© A white solid of12 (1.02 g, 99%) was obtained after solvent evapomati
'H NMR (400 MHz, CDC}, ppm):5 = 7.88 (dJ = 8.4 Hz, 2H), 7.41 (d] = 8.4 Hz, 4H), 7.00-
6.97 (m, 6H), 3.88 (s, 3H}*C NMR (125 MHz, CDGJ, ppm):5 = 166.8, 151.2, 145.6, 132.9,
131.2, 127.0, 123.6, 121.1, 117.5, 52.1. HRMS (FAR3: calcd for GoH15BroNO,. 458.9470;
M™ found: 458.9481.

2.2.4 Dimethyl4,4’-((4-(4,4,5,5-tetramethyl-1,3,2-dioxabtan-2-yl)phenyl) azanediyl)
benzoatdTPA1L)

To a 250-mL flask containing compoud (1.26 g, 2.73 mmol), bis(pinacolato)diboron
(1.46 g, 5.74 mmol), Pd(dppf)£(0.20 g, 0.27 mmol), and KOAc (0.67 g, 6.83 mmoeBs
added 60 mL of 1,4-dioxane. The mixture was heaiedflux under nitrogen atmosphere for 12
h. After cooling to room temperature, the mixturaswextracted with water/DCM. The organic
layer was collected and dried over MgSOhe desired product ofPA1 was obtained as a
white solid (0.80 g, 53%) by column chromatograghyted with EA/hexane (1/20jH NMR
(400 MHz, CDC4, ppm):6 = 7.87 (d,J = 8.8 Hz, 2H), 7.72 (d] = 8.4 Hz, 4H), 7.11-7.04 (m,
6H), 3.88 (s, 3H), 1.34 (s, 24HYC NMR (125 MHz, CDG), ppm): & = 166.9, 151.5,



149.4,136.3, 131.0, 124.4, 123.7,122.3, 83.9, 6850, 25.0. HRMS (FAB) m/z: calcd for
Ca2H39B2NOs: 555.2963; M found: 555.2970.

2.2.5 Methyl 4-(bis(4-(8-(5-formylthiophen-2-yl)-2,3-dighylquinoxalin-5-yl)phenyl)amino)
benzoatd17)

To a 100-mL flask containin@-T (1.00 g, 2.12 mmol)TPA1 (0.59 g, 1.06 mmol),
Pd(PPB).Cl> (0.08 g, 0.11 mmol), and NaO; (0.56 g, 5.3 mmol) was added a 50 mL TkZH
mixed solvent (v/v = 4/1). The mixture was heateddflux under nitrogen atmosphere for 8 h
before being cooled to room temperature. The smiutias evaporated to dryness and the residue
was extracted with DCM and water. The organic layas collected and dried over Mg&Qhe
desired product ol7 was obtained as a red solid (0.44 g, 38%) by coletmromatography
eluted with EA/hexane (1/1JH NMR (400 MHz, CDCJ, ppm):& = 10.0 (s, 2H), 8.27 (d} =
7.6 Hz, 2H), 7.98-7.92 (m, 6H), 7.88 (M= 8.8 Hz, 4H), 7.84 (d] = 4.0 Hz, 2H), 7.76-7.73 (m,
4H), 7.62-7.60 (m, 4H), 7.43-7.39 (m, 10H), 7.3887(m, 8H), 3.92(s, 3H)**C NMR (150
MHz, CDCk, ppm): 8 = 183.4, 166.8, 152.3, 152.2, 151.6, 148.5, 148461, 140.1, 138.7,
138.6, 138.3, 137.5, 135.7, 133.4, 132.1, 131.0,413130.3, 130.1, 129.4, 129.2, 128.5, 128.3,
127.1, 126.1, 125.5, 124.7, 123.5, 122.0, 51.9. BRMAAB) m/z: calcd for €HieNs04S,:
1084.2991; [M+H] found: 1084.3000.

2.2.6 4-(bis(4-(8-(5-formylthiophen-2-yl)-2,3-diphenylquoxalin-5-yl)phenyl)amino)benzoic
acid(18)

To a 50-mL flask containing7 (200 mg, 0.18 mmol) and LiOH (31 mg, 0.74 mmol)
was added 21 mL of THF/MeOH#B (v/v/v = 5/1/1) mixed solvent and the mixture wesated
to reflux for 8 h. After cooling to room temperatuthe solution was neutralized by dilute HCI.
The precipitate was collected, washed with wated, @ried under vacuum to afford a dark red
solid of compounds8 (195 mg, 99%)'H NMR (400 MHz, CDC}, ppm):& = 10.0 (s, 2H), 8.27
(d,J = 8.0 Hz, 2H), 8.02 (d] = 8.8 Hz, 2H), 7.97 (d] = 4.0 Hz, 2H), 7.94 (d] = 7.6 Hz, 2H),
7.89 (d,J = 8.4 Hz, 4H), 7.85 (d) = 8.8 Hz, 2H), 7.76-7.73 (m, 4H), 7.62-7.60 (m,)4H43-
7.41 (m, 10H), 7.36-7.29 (m, 8HPC NMR (125 MHz, CDGJ, ppm):5 = 183.5, 170.8, 152.4,
152.3, 152.2, 148.4, 146.4, 145.0, 140.0, 138.8,63.38.3, 137.5, 135.7, 133.7, 132.1, 131.7,



130.4, 130.3, 130.1, 129.43, 129.39, 129.2, 1282%.3, 128.2, 127.1, 125.0, 122.0, 121.5.
HRMS (MALDI) m/z: calcd for GgHa4N504S,: 1070.2835; [M+H] found: 1070.2828.

2.2.7 4-(bis(4-(8-(5-(2,2-dicyanovinyl)thiophen-2-yl)-2dphenylquinoxalin-5-
yl)phenyl)amino) benzoic aci@H122)

To a 50-mL flask containind8 (100 mg, 0.09 mmol) and malononitrile (14 mg, 0.21
mmol) was added 20 mL DCM. The solution was stir@droom temperature for 2 h.
Subsequently, the mixture was concentrated to ~5ollowed by adding large amount of
hexane to crash a red solid. The dark red solid eedlected, washed with hexane, and dried
under vacuum to afforEH122 (48 mg, 44%)*H NMR (400 MHz, CDCJ, ppm):& = 8.33 (d,J
= 8.0 Hz, 2H), 8.01 (d] = 8.8 Hz, 2H), 7.96-7.94 (m, 4H), 7.90 (& 8.4 Hz, 4H), 7.86 (s, 2H),
7.84 (d,J = 4.4 Hz, 2H), 7.82-7.80 (m, 4H), 7.63-7.61 (m, AA¥5-7.41 (m, 10H), 7.36-7.30
(m, 8H). The®C NMR spectrum was not obtained because of verydolubility of EH122.
HRMS (FAB) m/z: calcd for gH4Ng0.S,: 1166.3059; [M+H] found: 1166.3054.

2.2.8 Dimethyl  4,4’-((4-(8-(5-formylthiophen-2-yl)-2,3-dhenylquinoxalin-5-yl)  phenyl)
azanediyl) dibenzoatd9)

To a 100-mL flask containin@-T (1.00 g, 2.12 mmol)TPA2 (1.03 g, 2.11 mmol),
Pd(PPh).Cl,(0.08 g, 0.11 mmol) and NaO; (0.79 g, 7.43 mmol) was added 50 mL THFH
mixed solvent (v/v = 4/1). The mixture was refluxexader nitrogen atmosphere for 8 h. After
cooling the solution to room temperature, the nrixtwas extracted with DCM and water. The
organic layer was collected and dried over MgSIhe desired product d® was obtained as a
red solid (1.05 g, 66%) by column chromatographyesl with EA/hexane (1/1fH NMR (400
MHz, CDCk, ppm):& = 10.00 (s, 1H), 8.27 (d,= 8.0 Hz, 1H), 7.98-7.95 (m, 5H), 7.92 (b5
7.6 Hz, 1H), 7.87-7.83 (m, 3H), 7.75-7.72 (m, 2A)$0-7.58 (m, 2H), 7.43-7.41 (m, 3H), 7.37
(d,J = 7.2 Hz, 1H), 7.33 (d] = 7.6 Hz, 2H), 7.29 (d] = 8.4 Hz, 2H), 7.22 (d] = 8.8 Hz, 4H),
3.92 (s, 6H)*C NMR (150 MHz, CDGJ, ppm): 8 = 183.4, 166.6, 152.3, 152.2, 151.0, 148.4,
146.0, 145.1, 139.9, 138.62, 138.59, 138.3, 13¥35,.7, 134.2, 132.3, 131.1, 130.5, 130.4,
130.1, 129.5, 129.4, 129.2, 128.5, 128.3, 128.2,2,2125.2, 124.6, 123.1, 52.0. HRMS (FAB)
m/z: calcd for G/H34N30sS: 752.2219; [M+HT found: 752.2229.



2.2.9 4,4-((4-(8-(5-formylthiophen-2-yl)-2,3-diphenylguoxalin-5-yl)  phenyl) azanediyl)
dibenzoic acid20)

Compound20 was synthesized followed the same proceduresdimpoundl8. A dark
red solid was obtained in a yield of 9981 NMR (400 MHz, DMSOds, ppm): & = 10.00 (s,
1H), 8.63 (dJ = 8.0 Hz, 1H), 8.25 (d] = 4.4 Hz, 1H), 8.12-8.08 (m, 2H), 7.98 (b= 8.4 Hz,
2H), 7.90 (dJ = 8.4 Hz, 4H), 7.69-7.66 (m, 2H), 7.56 (U= 7.2 Hz, 2H), 7.47-7.44 (m, 3H),
7.43-7.34 (m, 3H), 7.30 (d = 8.4 Hz, 2H), 7.16 (d) = 8.8 Hz, 4H).”*C NMR (100 MHz,
DMSO-ds, ppm):6 = 184.6, 166.8, 152.1, 151.6, 150.2, 146.4, 14545,0, 138.9, 138.3, 138.0,
137.8, 137.0, 136.4, 133.5, 132.3, 131.0, 130.8,.812129.33, 129.28, 129.1, 128.5, 128.3,
128.1, 127.7, 125.1, 124.8, 122.8. HRMS (FAB) mo&dcd for GsH3oN3OsS: 724.1906; [M+H]
* found: 724.1898.

2.2.10 4,4’-((4-(8-(5-(2,2-dicyanovinyl)thiophen-2-yl)-2d@phenylquinoxalin-5  yl) phenyl)
azanediyl) dibenzoic aci@EH126)

To a 50-mL flask containing0 (100 mg, 0.14 mmol) and malononitrile (11 mg, 0.17
mmol) was added 20 mL DCM and 5 mL EtOH. The solutivas stirred at room temperature
for 2 h. Subsequently, the mixture was concentradeebmL followed by adding large amount
of hexane to crash a red solid. The red solid w#leated, washed with hexane, and dried under
vacuum to affor&EH126 (67 mg, 63%)*H NMR (400 MHz, DMSOds, ppm):5 = 8.70 (s, 1H),
8.68 (d,J = 7.6 Hz, 1H), 8.30 (d] = 4.0 Hz, 1H), 8.09 (d] = 8.0 Hz, 1H), 8.02 (d] = 4.8 Hz,
1H), 7.95 (d,J = 8.4 Hz, 2H), 7.88 (dJ = 8.8 Hz, 4H), 7.77-7.75 (m, 2H), 7.59-7.57 (m,)2H
7.42-7.34 (m, 6H), 7.27 (d, = 8.8 Hz, 2H), 7.12 (d) = 8.8 Hz, 4H). Thé*C NMR spectrum
was not obtained because of very low solubility Efi126. HRMS (FAB) m/z: calcd for
CagH30N50,4S, 772.2019; [M+H] found: 722.2009.

2.2.11 Methyl4-(bis(4-(8-(7-formyl-2,3-dihydrothieno[3,4{t,4]dioxin-5-yl)-2,3-diphenyl
qguinoxalin-5-yl)phenyl)amino)benzoat2l)

To a 100-mL flask containin@-EDOT (1.00 g, 1.89 mmol)TPA1 (0.52 g, 0.94
mmol), Pd(PP#).Cl, (0.07 g, 0.10 mmol), and NaOs; (0.50 g, 4.72 mmol) was added a 50 mL
TH/H,0 mixed solvent (v/v = 4/1). The mixture was heatedeflux under nitrogen atmosphere

for 8 h before cooling to room temperature. Theusoh was evaporated to dryness and the
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residue was extracted with DCM and water. The dogéayer was collected and dried over
MgSQO,. The desired product a1 was obtained as a red solid (0.46 g, 41%) by colum
chromatography eluted with EA/hexane (1/5.NMR (400 MHz, CDC}, ppm):& = 10.03 (s,
2H), 8.71 (d,J = 8.0 Hz, 2H), 7.96 (d] = 8.8 Hz, 2H), 7.92 (d] = 8.0 Hz, 2H), 7.88 (d] = 8.4

Hz, 4H), 7.77-7.75 (m, 4H), 7.62-7.60 (m, 4H), Z438 (m, 10H), 7.35-7.29 (m, 8H), 4.49 (s,
8H), 3.92 (s, 3H)}*C NMR (125 MHz, CDQ, ppm):8 = 180.6, 166.9, 151.9, 151.7, 151.5,
147.8, 146.4, 139.8, 139.1, 138.8, 138.3, 138.2,713133.6, 132.2, 132.1, 131.0, 130.5, 130.1,
129.8, 129.4, 129.3, 129.1, 128.8, 128.6, 128.8.312124.7, 121.9, 119.5, 65.0, 64.8, 51.9.
HRMS (FAB) m/z: calcd for @HsoNs0sS,: 1200.3108; [M+HT found: 1200.3105.

2.2.12 4-(bis(4-(8-(7-formyl-2,3-dihydrothieno[3,4-b][1 dipxin-5-yl)-2,3-diphenylquinoxalin-
5-yl)phenyl)amino)benzoic aci@2)

Compound22 was synthesized followed the same procedures mpaandl18. A dark
red solid was obtained in a yield of 998 NMR (600 MHz, CDC}, ppm):& = 10.02 (s, 2H),
8.70 (d,J = 8.0 Hz, 2H), 8.00 (d] = 9.0 Hz, 2H), 7.90 (d] = 8.0 Hz, 2H), 7.87 (d] = 8.5 Hz,
4H), 7.77-7.75 (m, 4H), 7.61-7.59 (m, 4H), 7.4287(f, 10H), 7.34-7.28 (m, 8H), 4.48 (s, 8H).
¥CNMR (125 MHz, CDGJ, ppm): & = 180.7, 171.0, 152.3, 151.7, 151.3, 147.9, 14839, 9,
138.7, 138.20, 138.16, 137.5, 133.7, 132.1, 1313p0.5, 130.1, 129.6, 129.3, 129.2, 129.1,
128.7, 128.4, 128.3, 124.9, 123.9, 122.0, 121.8,4,1116.7, 64.9, 64.7. HRMS (FAB) m/z:
calcd for GaHagNsOsSy: 1186.2944; [M+H] found: 1186.2936.

2.2.13 4-(bis(4-(8-(7-(2,2-dicyanovinyl)-2,3-dihydrothie3o4-b] [1,4] dioxin-5-yl)-2,3-
diphenyl quinoxalin-5-yl) phenyl) amino) benzoidd(EH166)

To a 50-mL flask containing2 (118 mg, 0.10 mmol) and malononitrile (15 mg, 0.23
mmol) was added 20 mL DCM. The solution was stir@droom temperature for 2 h.
Subsequently, the mixture was concentrated to ~3ollowed by adding large amount of
hexane to crash a red solid. The dark red solid sedlected, washed with hexane, and dried
under vacuum to afforBH166 (64 mg, 50%)*H NMR (400 MHz, CDC4, ppm):8 = 8.77 (d J
= 8.4 Hz, 2H), 8.00 (d] = 8.4 Hz, 2H), 7.95 (s, 2H), 7.90 @+ 8.0 Hz, 2H), 7.88-7.83 (m, 6H),
7.62 (d,J = 6.8 Hz, 4H), 7.44-7.37 (m, 10H), 7.31-7.28 (rhl),84.47 (s, 8H). Thé’C NMR
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spectrum was not obtained because of very low gwjubf EH166. HRMS (MALDI) m/z:
calcd for GgHa7NgOsS,: 1281.3085; M found: 1281.3065.

2.2.14 Dimethyl  4,4'-((4-(8-(7-formyl-2,3-dihydrothieno®b][1,4]dioxin-5-yl)-2,3-diphenyl
guinoxalin-5-yl)phenyl)azanediyl)dibenzod&8)

To a 100-mL flask containin@-EDOT (1.00 g, 1.89 mmol)TPA1 (0.92 g, 1.89
mmol), Pd(PP#).Cl, (0.07 g, 0.10 mmol), and NaOs; (0.70 g, 6.61 mmol) was added a 50 mL
TH/H,O mixed solvent (v/v = 4/1). The mixture was hedtedeflux under nitrogen atmosphere
for 8 h before cooling to room temperature. Theusoh was evaporated to dryness and the
residue was extracted with DCM and water. The dogéyer was collected and dried over
MgSQ,. The desired product a3 was obtained as a red solid (1.04 g, 68%) by colum
chromatography eluted with EA/hexane (1/5.NMR (400 MHz, CDC}, ppm):& = 10.02 (s,
1H), 8.70 (dJ = 8.0 Hz, 1H), 7.96 (d] = 8.8 Hz, 4H), 7.89 (d] = 8.0 Hz, 1H), 7.86 (d] = 8.4
Hz, 2H), 7.77-7.74 (m, 2H), 7.60-7.57 (m, 2H), 7420 (m, 3H), 7.36 (d] = 7.2 Hz, 1H), 7.32
(d,J=7.6 Hz, 2H), 7.28 (d] = 8.4 Hz, 2H), 7.21 (d] = 8.8 Hz, 4H), 4.48 (s, 4H), 3.91 (s, 6H).
¥C NMR (150 MHz, CDGQ, ppm):& = 180.6, 166.7, 152.0, 151.6, 151.0, 147.8, 148538,9,
138.7,138.3, 138.2, 137.7, 134.4, 132.3, 131.1,51380.1, 129.8, 129.4, 129.3, 129.2, 129.0,
128.4, 128.3, 125.2, 124.6, 124.0, 123.0, 119.9),6%4.8, 52.0. HRMS (FAB) m/z: calcd for
CuoH36N30,S: 810.2274; [M+H] found: 810.2280.

2.2.15 4,4'-((4-(8-(7-formyl-2,3-dihydrothieno([3,4-b][1 dipxin-5-yl)-2,3-diphenylquinoxalin-
5-yl) phenyl)azanediyl)dibenzoic aqig4)

Compound24 was synthesized followed the same procedures mpamandl18. A dark
red solid was obtained in a yield of 99%4. NMR (600 MHz, DMSOds, ppm):5 = 9.97 (s, 1H),
8.82 (d,J = 7.8 Hz, 1H), 8.10 (d] = 8.4 Hz, 1H), 7.94 (d] = 8.4 Hz, 2H), 7.88 (d] = 8.4 Hz,
4H), 7.60 (dJ = 7.2 Hz, 2H), 7.55 (d] = 7.2 Hz, 2H), 7.47-7.43 (m, 3H), 7.39 (s 7.8 Hz,
1H), 7.37-7.34 (m, 2H), 7.28 (d,= 8.4 Hz, 2H), 7.12 (d] = 8.4 Hz, 4H), 4.56 (d] = 5.4 Hz,
4H). **C NMR (125 MHz, DMSQds, ppm):6 = 180.1, 166.8, 151.8, 150.2, 148.4, 145.5, 140.4,
138.4, 137.9, 137.8, 137.6, 136.7, 133.6, 132.4,113130.1, 129.8, 129.7, 129.5, 129.3, 129.1,
128.2, 128.1, 125.1, 124.9, 122.8, 121.7, 118.40,664.9. HRMS (ESI) m/z: calcd for
C47H30N30;S: 780.1804; [M-H]found: 780.1795.
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2.2.16 4,4'-((4-(8-(7-(2,2-dicyanovinyl)-2,3-dihydrothiej34-b][1,4]dioxin-5-yl)-2,3-diphenyl
guinoxalin-5-yl)phenyl)azanediyl)dibenzoic a¢kEH162)

To a 50-mL flask containing4 (100 mg, 0.13 mmol) and malononitrile (10 mg, 0.15
mmol) was added 20 mL DCM and 5 mL EtOH. The solutivas stirred at room temperature
for 2 h. Subsequently, the mixture was concentradeebmL followed by adding large amount
of hexane to crash a red solid. The dark red sedid collected, washed with hexane, and dried
under vacuum to afforEH162 (69 mg, 65%)'H NMR (400 MHz, DMSOds, ppm):5 = 8.89
(d, J = 8.0 Hz, 1H), 8.25 (s, 1H), 8.11(d#5= 8.0 Hz, 1H), 7.94 (d] = 8.4 Hz, 2H), 7.87 (d] =
8.8 Hz, 4H), 7.77-7.74 (m, 2H), 7.58-7.56 (m, 2A¥2-7.35 (m, 6H), 7.26 (d,= 8.4 Hz, 2H),
7.11 (d,J = 8.8 Hz, 4H), 4.56 (s, 4H). THEC NMR spectrum was not obtained because of very
low solubility of EH162. HRMS (FAB) m/z: calcd for §H3:Ns06S: 830.2073; [M+H] found:
830.2081.

2.2.17 Methyl4-(bis(4-(8-(5'-formyl-[2,2’-bithiophen]-5-W2,3-diphenyl quinoxalin-5-yl)
phenyl) amino)benzoal@5)

To a 100-mL flask containin@-BT (1.00 g, 1.81 mmol)TPA1 (0.50 g, 0.90 mmol),
Pd(PPh).Cl, (0.06 g, 0.09 mmol), and NaOs; (0.48 g, 4.52 mmol) was added a 50 mL
THF/H,O mixed solvent (v/v = 4/1). The mixture was heated reflux under nitrogen
atmosphere for 8 h before cooling to room tempeeafline solution was evaporated to dryness
and the residue was extracted with DCM and watke drganic layer was collected and dried
over MgSQ. The desired product & was obtained as a red solid (0.45 g, 40%) by colum
chromatography eluted with EA/hexane (2/H. NMR (600 MHz, CDC4, ppm):& = 9.89 (s,
2H), 8.24 (dJ = 7.8 Hz, 2H), 7.96 (d] = 9.0 Hz, 2H), 7.91 (d] = 7.8 Hz, 2H), 7.88 (d] = 8.4
Hz, 4H), 7.85 (dJ = 4.2 Hz, 2H), 7.79-7.77 (m, 4H), 7.72 3= 3.6 Hz, 2H), 7.63-7.61 (m,
4H), 7.46-7.41 (m, 8H), 7.39 (d,= 8.4 Hz, 4H), 7.37-7.27 (m, 10H), 3.92 (s, 3HCNMR
(125 MHz, CDC4, ppm): 6 = 182.5, 166.9, 152.1, 151.7, 151.6, 147.9, 14644,.5, 140.4,
138.8, 138.7, 138.6, 138.5, 137.6, 137.0, 133.8,013.31.0, 130.8, 130.5, 130.1, 129.6, 129.3,
129.1, 128.3, 127.0, 126.6, 125.7, 124.8, 123.8,2,221.8, 51.9. HRMS (FAB) m/z: calcd for
CrgHsoNs04Ss: 1248.2746; [M+HT found: 1248.2751.
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2.2.18 4-(bis(4-(8-(5'-formyl-[2,2’-bithiophen]-5-yl)-2,8Hiphenylquinoxalin-5-yl)phenyl)
amino) benzoic aci(6)

Compound26 was synthesized followed the same procedures mpaand18. A dark
red solid was obtained in a yield of 98%1 NMR (500 MHz, CDC}, ppm):5 = 9.90 (s, 2H),
8.26 (d,J = 8.0 Hz, 2H), 7.98 (d] = 9.0 Hz, 2H), 7.93 (d] = 8.0 Hz, 2H), 7.90 (d] = 8.5 Hz,
2H), 7.87 (d,J = 4.0 Hz, 2H), 7.80-7.78 (m, 4H), 7.73 (M= 4.0 Hz, 2H), 7.64-7.62 (m, 4H),
7.47-7.40 (m, 12H), 7.38-7.28 (m, 10H). THE NMR spectrum was not obtained because of
very low solubility of 26. HRMS (FAB) m/z: calcd for GHs/Ns04Ss :1234.2589; [M+H]"
found: 1234.2593.

2.2.19 4-(bis(4-(8-(5'-(2,2-dicyanovinyl)-[2,2'-bithiophEB-yl)-2,3-diphenylquinoxalin-5-yl)
phenyl) amino) benzoic ac{@&EH174)

To a 50-mL flask containing6 (100 mg, 0.08 mmol) and malononitrile (12 mg, 0.18
mmol) was added 20 mL DCM and 5 mL EtOH. The solutivas stirred at room temperature
for 2 h. Subsequently, the mixture was concentradeebmL followed by adding large amount
of hexane to crash a red solid. The dark red se#id collected, washed with hexane, and dried
under vacuum to afforBH174 (49 mg, 45%)*H NMR (500 MHz, DMFé;, ppm):5 = 8.63 (d,
J=7.5Hz, 2H), 8.18 (d] = 4.0 Hz, 2H), 8.14-8.10 (m, 8H), 7.90-7.88 (m,)6A75-7.73 (m,
6H), 7.61 (dJ = 3.5 Hz, 2H), 7.56-7.50 (m, 6H), 7.46-7.40 (mH}07.27 (d,J = 6.0 Hz, 4H).
3C NMR (100 MHz, DMFé;, ppm):5 = 168.1, 160.5, 153.4, 152.6, 152.5, 152.3, 14143,5,
140.5, 140.2, 139.6, 139.4, 139.0, 138.8, 137.6,113134.9, 133.4, 132.8, 132.2, 131.9, 131.7,
131.2, 130.41, 130.35, 130.1, 129.4, 129.3, 1284,8, 125.7, 125.4, 124.8, 122.7, 118.0,
117.7, 81.5. HRMS (FAB) m/z: calcd forgfleNgO.Ss: 1330.2814; [M+H]* found:
1330.2799.

2.2.20 Dimethyl4,4'-((4-(8-(5'-formyl-[2,2'-bithiophen]-$h-2,3-diphenyl quinoxalin-5-yl)
phenyl) azanediyl)dibenzoaf27)

To a 100-mL flask containin@-BT (1.00 g, 1.81 mmol)TPA2 (0.88 g, 1.81 mmol),
Pd(PPh).Cl, (0.06 g, 0.09 mmol), and NaOs; (0.67 g, 6.32 mmol) was added a 50 mL
THF/H,O mixed solvent (v/v = 4/1). The mixture was heated reflux under nitrogen

atmosphere for 8 h before cooling to room tempeeafline solution was evaporated to dryness
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and the residue was extracted with DCM and watke drganic layer was collected and dried
over MgSQ. The desired product &7 was obtained as a red solid (1.02 g, 68%) by colum
chromatography eluted with EA/hexane (2. NMR (400 MHz, CDC4, ppm):& = 9.89 (s,
1H), 8.24 (dJ = 8.0 Hz, 1H), 7.96 (ddl = 7.0, 2.0 Hz, 4H), 7.90 (d,= 8.0 Hz, 1H), 7.88-7.84
(m, 3H), 7.79-7.77 (m, 2H), 7.72 (@= 4.0 Hz, 1H), 7.61-7.59 (m, 2H), 7.46-7.42 (m)4H37
(d,J=7.5Hz, 1H), 7.34-7.32 (m, 3H), 7.29 (& 8.5 Hz, 2H), 7.22 (d] = 9.0 Hz, 4H), 3.92 (s,
6H). °C NMR (125 MHz, CDGCJ, ppm):& = 182.7, 166.9, 152.3, 151.8, 151.2, 148.0, 146.0,
141.7, 140.5, 139.1, 138.9, 138.8, 138.64, 1381%9,7, 137.2, 134.6, 132.4, 131.3, 131.2,
130.7, 130.3, 129.9, 129.5, 129.4, 128.5, 127.8,8,20125.9, 125.5, 124.7, 124.0, 123.2, 52.2.
HRMS (FAB) m/z: calcd for €iH3sN30sS,: 833.2018; M found: 833.2014.

2.2.21 4,4'-((4-(8-(5'-formyl-[2,2'-bithiophen]-5-yl)-2,8iphenylquinoxalin-5-
yl)phenyl)azanediyl)dibenzoic ac{@8)

Compound28 was synthesized followed the same procedures mpaandl18. A dark
red solid was obtained in a yield of 99%4. NMR (400 MHz, DMSOds, ppm):5 = 9.91 (s, 1H),
8.57 (d,J = 8.4 Hz, 1H), 8.15 (d] = 4.0 Hz, 1H), 8.07-8.04 (m, 2H), 7.97 (b= 8.0 Hz, 2H),
7.89 (d,J = 8.8 Hz, 4H), 7.76-7.73 (m, 3H), 7.60-7.57 (m)3H50-7.47 (m, 3H), 7.42-7.37 (m,
3H), 7.29 (dJ = 8.4 Hz, 2H), 7.15 (d] = 8.4 Hz, 4H)**C NMR (125 MHz, DMSOds, ppm):5
= 184.2, 167.3, 152.4, 151.6, 150.7, 146.5, 1454,.5, 139.7, 139.3, 138.9, 138.8, 138.4,
138.2, 138.0, 136.3, 134.2, 132.7, 131.5, 130.1.4,3130.3, 130.2, 129.8, 129.6, 128.68,
128.65, 128.4, 127.4, 126.7, 125.5, 125.4, 12523.2L HRMS (FAB) m/z: calcd for
CagH3:N305S;: 806.1783; [M+H] found: 806.1773.

2.2.22 4,4'-((4-(8-(5'-(2,2-dicyanovinyl)-[2,2'-bithiophgh-yl)-2,3-diphenylquinoxalin-5-yl)
phenyl) azanediyl)dibenzoic aqiEH170)

To a 50-mL flask containing8 (100 mg, 0.15 mmol) and malononitrile (10 mg, 0.15
mmol) was added 20 mL DCM and 15 mL EtOH. The sotutvas stirred at room temperature
for 2 h. Subsequently, the mixture was concentradeebmL followed by adding large amount
of hexane to crash a red solid. The dark red sw#id collected, washed with hexane, and dried
under vacuum to afforEH170 (74 mg, 70%)*H NMR (600 MHz, DMSOds, ppm):5 = 8.46
(s, 1H), 8.38 (dJ = 7.8 Hz, 1H), 7.95 (s, 1H), 7.88-7.84 (m, 6H)4/(s, 1H), 7.64 (d) = 7.2
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Hz, 2H), 7.59 (s, 1H), 7.51 (d,= 7.2 Hz, 2H), 7.48 (s, 1H), 7.44 @= 7.2 Hz, 2H), 7.41-7.37
(m, 2H), 7.33-7.30 (m, 3H), 7.18 (d,= 7.8 Hz, 2H), 7.11 (dJ = 8.4 Hz, 4H)*C NMR (150
MHz, DMSO-ds, ppm):8 = 167.2, 152.4, 152.1, 151.3, 150.7, 149.2, 14K8,1, 140.3, 138.9,
138.4, 138.2, 138.0, 137.9, 136.1, 134.0, 133.8,6.3131.5, 130.7, 130.2, 130.1, 130.0, 129.8,
129.6, 128.8, 128.6, 128.2, 127.5, 127.1, 125.6,22125.0, 123.2, 115.3, 114.5, 73.8. HRMS
(MALDI) m/z: calcd for GyHz,Ns0,S;: 854.1890; [M+H] found: 854.1899.

2.3 Solar cell device fabrication and measurements

For the preparation of nickel oxide film, the nitk&ide paste prepared by mixing 1 g of
NiO, 2.7 mL ethanol, 0.342 g ethyl acetate, and L6 axterpinol for each powders and then
nickel oxide film was made using doctor blade mdtidth two steps on FTO glass and sintered
at 450 °C for 30 minutes. The film thickness andkivig area of each working electrodes were
measured by a surface profilometer. Then the peepliO films were soaked in a 0.3 mM dye
solution for 24 h. Platinized counter electrode \pespared by sprayingAtCl on predrilled
and cleaned FTO glass, followed by drying at 7@A@ sintered at 500 °C for 1 h. The dyed NiO
working electrode was assembled face-to-face wdkinized counter electrode in the presence
30 um surlyn outside the hole. The electrolyte imgected through the hole and covered with a
microscopic glass and surlyn. The electrolyte ¢é@@bination of 0.6 M DMPII, 0.03 MyJ 0.1 M
GuSCN, 0.5 M TBP, and 0.05 M Lil in a dry acetatetr The amount of dye loading was
determined by desorption of adsorbed dye on Nid WMF. The concentration of dye in the

desorption solution was determined by absorpti@cspphotometry.

3. Resultsand Discussion

3.1 Synthesis and characterization of surfactamtizied nickel oxide photocathode materials

Here we used the cationic surfactant, DTAB, whiels hot been reported previously for
the synthesis of nickel oxide. The synthetic praced are shown in Scheme 1. Hexahydrate
nickel (II) chloride (NiC}*6H,0O) was stirred with DTAB in a basic solution followg the
literature procedure with modifications [42]. Theegn nickel hydroxide, Ni(OH)was collected
by centrifugation. The desired nickel oxide nantipkes were obtained after calcination. The
powder X-ray diffraction (PXRD) patterns of nickexide nanoparticles prepared without and

with DTAB as the surface-active agent are plotted-ig.2. It can be seen that both samples
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show the same XRD patterns with high crystallinityere exist five diffraction peaks a6 2
position of 37.1, 43.4, 62.7, 76.5, and 79véhich are indexed to (111), (200), (220), (3Ek)d

(222) of the cubic nickel oxide, respectively.
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Scheme 1. Synthesis rout for nickel oxide nanoparticles
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Fig. 2. XRD patterns for the nickel oxide nanopartighespared with and without DTAB.

The SEM images of the as-synthesized NiO nanopestigithout and with DTAB do not
exhibit significant difference in their particleitormity (Fig. S1). However, very distinct results
were obtained in their annealed films. Fig. 3 shales SEM images of NiO films prepared
without (a, ¢) and with DTAB (b, d) on an ITO comtive substrate acquired from a top (a, b)
and a cross-section view (c, d). From the top-vimages, the NiO film in (a) formed with
apparently smaller agglomerates of NiO nanopagictempared with those on the film in (b). It
indicates that the energy from input heat for prafi@n of a NiO film easily overcame inter-
particle affinity, and hence drove lateral diffusiof NiO nanoparticles without DTAB.
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Conversely, the existence of DTAB elevates intatigla affinity so as to result in big chunks of
NiO nanoparticle assemblies. From the cross-seati@ages, it is clear in both cases that a thin
annealed NiO films were formed homogeneously atinterfaces between ITO substrates and
NiO chunks. The result infers the strong interactetween NiO and ITO. On the base film,
agglomerates of NiO nanopatrticles are short witi®UAB and tall with DTAB, corresponding
with those in top-view images. Hence, it is velkely the big NiO chunks came from DATB-
modified surface property before annealing. Sudferdince by treating with DTAB induces
rough surface morphologies of annealed NiO filnt thareases dye-loading quantity (Table 1).
It is well known that the short-circuit current @&y is highly determined by the initial number
of photo-generated charges. Here, the initial numifephoto-generated charges could be
significantly affected by differently structuredinfis where the amount of light-harvesting dyes is
different The amount of dye adsorbed aickel oxide surfaces was determined using UV-vis
absorption spectroscopy and estimated to be 17d914r6 nmolcr? for DTAB treated and
untreated NiO, respectively, with Coumarin 3€343) as the p-type sensitizer (Table 1). The
increase in dye loading originated from morpholalifference of the DTAB assisted synthesis
of nickel oxide nanoparticles which is responsiloleenhancing the number of photo-generated

charges.

Fig. 3. SEM images with the top views (a, b) and crossise views (c, d) of NiO surfaces.
NiO prepared without (a, c) and with DTAB (b, d).
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Different physical parameters of nickel oxide naemtigles including Fermi level,
average particle size, and surface area are cadlaat Table 1. The Fermi level of the NiO
nanoparticles was determined from the work functimasurement of the thin film. The average
particle size of nickel oxide nanoparticles estidafrom SEM images from Figure S1 is about
12 nm for nickel oxide prepared from surfactanisied synthesis whereas the NiO particles
prepared without surfactant are not well disperded to the agglomeration. DTAB-assisted
synthesis of nickel oxide film resulted in enhancl@ loading by about 35% which leads to
improved light harvesting ability.

Table 1. Physical Parameters of Nickel Oxide Nanopatrticles

Parameters NiO NiO-DTAB
Work function /eV from vacuum level 5.3 5.3

Dye loading/nmol cri 11.6 17.9
Surface area, BET (ity) 41.5 56.8

The influence of DTAB on the different oxidatiorasts of nickel in nickel oxide and the
defect site on oxygen was studied by XPS spectituatrated in Fig. 4, which plotted at the Ni
2p and O 1s edge. All three satellites with fitteigthe binding energy indicated in the inset of
Fig. 4 in both samples are characteristic peakéiBfand NP oxidation states in NiO thin films
[24]. This result confirms the addition of DTAB does sainificantly affect the oxidation state
of nickel in nickel oxide because the binding eresgf the satellites are numerically close.
Energy dispersive X-ray spectroscopy (EDS) dataalss studied for further elemental analysis.
The percentage atomic composition of nickel andgexryin two materials is shown in Fig. 5. It
turns out that the compoistions of NiO nanoparsiclgith and without DTAB are pretty
consistent, indirectly confiming the auxiliary rotd DTAB only to assist the dispersion of
nanoparticles.
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Fig. 4. XPS study nickel oxide samples synthesized waitth without DTAB.at the Ni 2p, O 1s
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Fig. 5. EDS of nickel oxide samples synthesized withaitdout DTAB.

3.1.1 p-DSSC Performance Study

The newly synthesized NiO was evaluated as theoghtitode material for p-DSSC. The
photocurrent density versus photovoltage curve and the corresponding IPCE plots of the devices
sensitized with C343 are shown in Fig.6 for both NiO nanoparticles. Among the two, the device
with NiO prepared with DTAB produced better photocurrent density, photovoltage, and fill
factor than the other. The DTAB-assisted synthesized NiO film with C343 achieved higher

power conversion efficiency of 0.0418%, with a short-circuit current density (Jy) of 0.963
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mAcm ™~ and an open circuit potentiaV/) of 121 mV. The detailed photovoltaic data are

summarized in Table 2.
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Fig. 6. (a) Current voltage characteristic curves andIPIQE plots for p-DSSCs sensitized by
C343 for two different NiO films

Table 2. Photovoltaic Performance of p-DSSCs Sensitize@ 343

C343 (NiO) C343 (NiO-DTAB)
VodV 0.112 0.121
Js/mAcm2 0.621 0.963
FF 0.364 0.359
7 (%) 0.0253 0.0418

*The cells were composed of 4 pm thick NiO. The tetdéyte used was a mixture of 0.6 M
DMPII, 0.03 M iodine, 0.1 M GuSCN, 0.5 M TBP an®@®M Lil in a dry acetonitrile.

Fig. 7 displays the results of intensity-modulaggibtovoltage spectroscopy (IMVS)
measurements (a) and charge extraction analysi® @sess the detail information of the hole
lifetime, Fermi level with photovoltage and als@ thole density [55]. The results in Fig. 7(a)
show that the hole lifetime in NiO nanoparticle gaeed using DTAB is longer than that
prepared without DTAB.The charge concentration as a function of opendtirpotential
induced by various illumination intensities is showm Fig. 7(b), in which the hole density of
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NiO film prepared with DTAB is higher than that pezed without DTAB. It is clearly
demonstrated here that the NiO prepared from mdoplgedirecting surfactant does produce

more effective photocathode than the one with unfieadNiO.
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Fig. 7. (a) Hole lifetime versus open circuit voltage and (b) charge density versus open circuit

voltage

3.2 Design and Synthesis of Organic Dyes

Six new organic dyes with a general DrAA framework were designed with the
carboxylic acid as the anchoring groumiphenylamine as the electron donor, 2,3-
diphenylquinoxaline as the auxiliary acceptor mgi@-methylenemalononitrile as the electron
acceptor and various thiophene derivatives agtibgacers. These dyes are classified into two
categories: the mono-anchoring dyésH(22, EH166, and EH174) and di-anchoring dyes
(EH126, EH162, and EH170). The detail synthetic procedures are illustrat@dScheme 2
whereas for compounds 7, TPA1 andTPA2 reported in supporting information (Scheme S1).
In general, the synthesis of these dipolar orgdpés involved multiple synthetic steps including
bromination Miyaura borylation, condensation, and Suzuki coupling [53, 54, 56 phrity and
identity of these dyes were fully characterizedNiyiR spectroscopy and high-resolution mass

spectrometry.
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Scheme 2. Synthetic strategy of sensitizer&H122, EH126, EH162, EH166, EH170 and
EH174 Reagents and conditions: a, d, fPg(PPR).Cl,, N&aCO;, THF:H,O (4:1), reflux, &n; b,
e) DMF, POC4, CH,Cl,, 65 °C, 8 h; ¢) Pd(OAc), NaCQOs, DMF, reflux, 8 h; g, j) LiOH,
THF:MeOH:H,0 (5:1:1), reflux, 8 h h, k) pepperdine, malononitrile, GEl,, rt, 2 h.

3.2.1 Photophysical and Electrochemical Properties

The UV-vis absorption spectra of all six sensitgzer DMF solutions and adsorbed on
NiO films are depicted in Fig.8 and the data anmmarized in Table 3. In general, the spectral
coverages for all six new dyes reach nearly 600 Two absorption bands were observed in
solution for each case (Fig. 8(a)). The absorpiamnd between 290-370 nm is assignedter&a
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transition and the other band located in the visible region between 450-600 nm is attributed to an
intramolecular charge-transfer (ICT) transition.eTéxtinction coefficients of mono-anchoring
dyes EH174, EH122 and EH166) are greater than those of with double anchorimgugs
(EH126, EH162 andEH170). EH174 and EH166 with the bithiophene and EDO#-linkers,
respectively, exhibited the molar extinction coméfnts over 40000 M cm* on both bands,
signifying their excellent light harvesting abilitfhe absorption bands become broad over the
range from 400 to 650 nm when these dyes are agi$avbto NiO film indicative of some
degree of dye aggregation on NiO surfélde optical band gaps (Ey.9) of all the new sensitizers
were determined by the intersection of normalized absorption and emission spectra. The band

gaps of EH dyes are comparable and ranged from 2.15-2.24 V as shown in Table 3.

8 @ —=—EH122 ® —=—EH122
—o— EH126 0.21 —e—EH126
—a— EH166 —a—EH166
. 8 —v—EH162 —v—EH162
£ —e—EH174 8 014 ——EH174
'_? c .
<4 ——EH170 $ —«—EH170
[*]
] 2
) < 0.07
2
[ e S S 0.004, : r r . Y
300 350 400 450 500 550 600 650 400 450 500 550 600 650

Wavelength/nm Wavelength/nm

Fig. 8. (a) UV-Vis absorption spectra of EH dyes in DButions andb) adsorbed on nickel
oxide films.
Table 3. Photophysical Parameters of EH Dyes

Dye Amax NM € x 10%, Mtem™) A_,nm Eoo, €V
EH122 323 (5.41), 474 (3.40) 711 215
EH126 323 (3.61), 468 (1.84) 657 2.24
EH166 315 (5.53), 497 (4.59) 660 219
EH162 322 (3.85), 487 (2.31) 652 221
EH174 345 (8.36), 474 (4.38) 660 222
EH170 338 (3.32), 501 (2.22) 653 217

“The absorption and emission spectra were measured in DMF solutions. b Ey.o was calculated
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from the intersection of normalized absorption andssion spectraf.o = 1240 /A).

Cyclic voltammograms of six dyes were measured MFDsolutions to access the
relative energy levels and feasibility of hole otjen from the excited dyes into the valence band
of NiO and electron transfer from the reduced diesedox couples in the electrolyte. The
details of electrochemical parameters such as t&it@otential(E,y (S'/S)), reduction potential
(Ereq (S/S)), and exited state reduction potentile{(S*/S’)) are summarized in Table 4. The
relative energy levels of all sensitizers, the meéeband position of nickel oxide, and the redox
mediator are depicted in Fig.9. The potential défees between the Fermi level of NiO and the
HOMOs of sensitizers range from 0.89 to 1.03 Vaatlve of a sufficient driving force for hole
injection. The high energy levels of LUMOs of thedges also ensure favorable dye

regeneration.

Table 4. Electrochemical Potentials of EH Dyes

Dye Eox(S'/S), V EedS/S), V Ered", V°
EH122 1.27 -0.70 1.45
EH126 1.32 -0.70 1.54
EH166 1.28 -0.67 1.52
EH162 1.18 -0.62 1.59
EH174 1.13 -0.68 1.54
EH170 1.02 -0.69 1.48

& Oxidation potential Eox(S'/S)) and reduction potentiaEgq (S/S)) were measured in DMF

solutions with tetrabutylammonium hexafluorophogph@.1 M) as the supporting electrolyte.
The potentials were calibrated with ferrocene/feersum vs NHE" The excited-state reduction
potential E..q*) was calculated b¥.(S/S) + Eo-o
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Fig. 9. The energy levels of EH-series sensitizers relative to the valence band potential of nickel

oxide and oxidation potential of the redox mediator

3.2.2Theoretical Calculations

Theoretical studies based on density functionabhgDFT) calculations using the
Gaussian 09 [57] program package at the mPWI1K@&SLG*[59] level of theory were carried
out in the SMD [60] solvation model (DMF) for thex slyes to construct their geometries. The
electron density difference maps @fts6 S and $ to Stransitions for the six dyes obtained by
time-dependent density functional theory (TD-DFTpgrev calculated and the results are
presented in Fig. 10. The molecular orbitals of HOMNnd LUMO were depicted in Fig. S2 in
supplementary information. The calculated absonpsipectra and the transitions involved are
also summarized in Figure S3 and Table S1 in supgary information. He electron density
of the HOMOs is mostly localized on the triphenylamine donor moiety with some charge
diffusion towards the quinoxaline moiety, whereas the electron density of the LUMOs is
delocalized from quinoxaline to the m-spacer and 2-methylenemalononitrilecceptor. Upon light
excitation, the hole generated from charge transfer transition would be effectively injected into
the valence band of NiO via the terminal anchommgups.Sensitizers with bithiopheneand
thiophenen-spacers showed better charge separation than EDOT n-spacer resulted from the
presence of less electron-rich group capable of facilitating charge separation. For the mono-

anchoring sensitizers, EH122 and EH174, the electron densities in the auxiliary fragments
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(diphenylquinoxaline) further shift to the acceptpoup. As a resulEH122 andEH174 have
less charge retention on the 2,3-diphenylquinoealthat results in a significant charge
separation.

Sensitizers S-S S-S5

EH122

EH166

EH174

EH126

EH162
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EH170

Fig. 10. Geometry-optimized structures of the six new dyes the electron density distributions
of frontier molecular orbitals from TD-DFT calculats. The yellow and red colors represent

increase of electron density and decrease of elednsity, respectively.

3.2.3 Photovoltaic Performance

The performances of p-DSSCs sensitized with sw wges using DTAB mediated
nickel oxide nanoparticles as photocathode afigh s the redox couple were measured under
standard AM 1.5G condition (100 mW&fh The photocurrent density/voltage curves and the
incident photon-to-electron conversion efficientfGE) plots for the DSSCs sensitized by six
dyes are depicted in Fig. 11. The detailed photaimldata are summarized in Table 5. The
device sensitized by the standard p-type sensitRer measured under the same experimental
conditions is also included for comparison purpf&H. In general, the mono-anchoring dyes
displayed higher short-circuit current densiy)( likely due to the nearly twice as high as the
molar extinction coefficients than their correspimigddi-anchoring congeners. Sensitizers with
bithiophene linker showed slightly larger open-gitcphotovoltage V.. than dyes with
thiophene and EDOT linkers. Among the dyes investid, the p-DSSC sensitized ByH174
with a bithiophener-linker and with one anchoring group exhibits thghlest power conversion
efficiency of 0.207% with as. of 4.84 mAcm?, a Vo of 0.137 V and a fill factor of 0.312.
Whereas thé&aH162 with an EDOT=-linker and double anchoring groups displays theelkst
cell performance of all. The cell performance falfothe order oEH174 > EH122 > EH170 >
EH126 > EH166 > EH162. The recorded IPCE values are over 25% betweerb860hm for
dyesEH174 andEH122. The higher photocurrent densities from devicessitieed byEH174
andEH122 than others can be considered the results of higifiective chromophores adsorbed
on NiO. The amount of dye adsorbed on NiO for tl@oanchoring dyes is comparable to that
of bi-anchoring dyes despite the larger molecuizessof the mono-anchoring dyes. In other

words, a more compact dye block layer on NiO fompyanchoring dyes than their respective
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bi-anchoring dyes is expected, which may contriltatsnore effective suppression of the charge
recombination between the injected holes and tleiced form of redox mediators. The

photovoltages  of the
EH170~EH174~EH122 > EH166 > EH126 > EH115. A similar trend for the dark current was

also recorded.

devices sensitized by EH sens#tizefollow order of
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Fig. 11. (a) Current voltage characteristic curves andiRIQE plots of p-DSSCs sensitized by
EH dyes

Sensitizers VoV Js/mAcm?  FF 1 (%) bye |()2ading
nmolcm

EH122 0.134+0.005 4.39+0.05 0.303+0.004 0.178+0.020 31.4
EH126 0.122+0.006 3.93+0.02 0.304+0.003 0.146+0.006 37.4
EH166 0.131+£0.003 3.47+0.01 0.284+£0.003 0.129+0.005 22.1
EH162 0.115+0.006 1.79+0.02 0.304+0.007 0.062+0.004 34.3
EH174 0.137+0.008 4.84+0.03 0.312+0.006 0.207+0.014 294
EH170 0.139+£0.012 3.47+0.03 0.315+£0.007 0.152+0.007 29.1

P1 0.123 2.57 0.294 0.093

Table5. Photovotaic Parameters of the EH DYes
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%The cells were composed of 4 um thick NiO. Thestebdyte used is a mixture of 0.6 M
DMPII, 0.03 M iodine, 0.1 M GuSCN, 0.5 M TBP an®d®.M Lil in a dry acetonitrile. Dye
solutions prepared agEH122 andEH166 in DCM and the other four dyes in THF/DCM (1:4,

v/v) mixed solution.

IMVS measurment and charge extraction analysis vwemgied out to evaluate the
involvement of fermi level position of NiO and tikarge density of the device upon the open-
crcuit potential for each new dyes. Fig.12(a) pnése hole lifetime versus open-circuit voltage.
The longer hole lifetime specifies that the chargeombination by hole transfer from the
injected hole in NiO film to the reduced redox nadr is well surpressed. The hole lifetimes
decreased in the order BH174 > EH122 > EH170 > EH166 > EH126 > EH162. The order of
hole lifetime correlates well with the results fratark current measurements. The hole density
as a function of photovoltage at various illumipatintensities is shown in Fig. 12(b). At the
sameV, value, the hole density trend follows the ordeiEdi174 > EH170 > EH122 = EH166
> EH126 > EH162 which is generally fitted with the observeg: values.
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Fig. 12. (a) Hole lifetime versus open circuit voltage) (bharge density versus open circuit

voltage
3.2.4 Long-term Stability Test

The long-term durability of the p-type devices wenaluated based on the two best
performance dye€H174 and EH122. The results are collected in Fig.13. The long-term
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stability of the devices were carried out by comdus light soaking (100 mWch at 45 °C for
120 h. The photocurrent showed initial increasthatfirst 24-36 h followed by slow decay to
reach steady values after 60 h. The fill factorvgtm a minor but steady enhancement up to 120
h whereas the devices displayed a trend of conimuphotovoltage loss. The overall
performance of device sensitized by dye EH122 reethat the same level after 120 h while the
device sensitized by dye EH174 showed 6% efficiashmp. Based on these results, one could
conclude that the p-type DSSCs sensitized by thesé&itsitizers are promising with good long-

term durability.
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Fig. 13. Long-term stability test of p-DSSC devices basedlyesEH122 andEH174 measured
under continuous light soaking (100 mWeat 45 °C.

4. Conclusion

In this work, we developed DTAB assisted synthesisiickel oxide nanoparticles for
photocathode material of p-DSSCs. The XRD pattemfioned the cationic surfactant/DTAB
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does not affect the nature of NiO and showed theespattern at 2 values with the NiO
synthesized in the absence of DTAB. The higherasarfarea of the NiO prepared by the
surfactant-mediated synthesis directly attributesat larger dye loading and better light
harvesting ability. Six new organic sensitizersduben a D-Ar-A framework were designed to
evaluate the newly developed surfactant-mediatathsgis of NiO as the photocathode material
for p-DSSCs. Sensitizers with mono-anchoring gr(iid 166, EH122, andEH174) performed
better than their corresponding double-anchorintgitieers EH162, EH126, andEH170). The
electron density distributions of frontier moleaqutabitals from TD-DFT calculations suggest
that sensitizers with less electron-rictspacer neighboring to the acceptor group exhibitel
charge separation which is beneficial for hole dhfn to the valance band of nickel oxide.
Among the dyes investigated, the p-DSSC sensitizedH 174 with a bithiophener-linker and
with one anchoring group produced the highest pasaversion efficiency of 0.207% withJa

of 4.84 mAcm?, aV,. of 0.137 V and a fill factor of 0.312. The high llawoextinction coefficient
of EH174 and low dark current in the device all contribute the promising conversion
efficiency. The current results indicate that tleenbination of electron-deficient quinoxaline
motif with suitabletelinker in a D-ATtA molecular structure is a promising design ofypet

sensitizers for NiO-based p-DSSCs.
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Scheme S1. Synthetic procedures of precursors

Table S1. Calculated excitation energy, oscillator strengiid transitions involved for the low-
lying excited states of EH series dyes

Fig. S1. SEM Images of nickel oxide nanoparticles withchit &nd with (B) DTAB

Fig. S2. The electron density distributions of frontier lewular orbitals from TD-DFT
calculations

Fig. S3: Calculated UV-Vis absorption spectra of tGel dyes in DMF solution. Red vertical

lines represent the calculated singlet excitatioergies

Fig. S4. 'H NMR spectrum of compour@-BT in CDChk
Fig. S5. *C NMR spectrum of compour@-BT in CDCk
Fig. S6. 'H NMR spectrum of compoun@-EDOT in CDChk
Fig. S7. **C NMR spectrum of compour@-EDOT in CDCk
Fig. S8. 'H NMR spectrum of compount? in CDCk

Fig. S9. **C NMR spectrum of compouri® in CDCl

Fig. S10. *H NMR spectrum of compouriiPAl in CDCk
Fig. S11. **C NMR spectrum of compouriPA1 in CDCl
Fig. S12. 'H NMR spectrum of compount? in CDCl
Fig. S13. *C NMR spectrum of compouri¥ in CDCh
Fig. S14. 'H NMR spectrum of compourtt8 in CDCk

Fig. S15. *C NMR spectrum of compouri8 in CDCh
Fig. S16. 'H NMR spectrum of compourieH122 in CDCl
Fig. S17. *H NMR spectrum of compourit®in CDCl

Fig. S18. **C NMR spectrum of compouri®in CDCk
Fig. S19. *H NMR spectrum of compourD in DMSO-dg

Fig. S20. **C NMR spectrum of compour2D in DMSO-dg
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Fig. S21. *H NMR spectrum of compourfiH126 in DMSO-ds
Fig. S22. *H NMR spectrum of compourll in CDCls

Fig. S23. *C NMR spectrum of compourl in CDCk

Fig. S24. 'H NMR spectrum of compourz? in CDCl

Fig. S25. *C NMR spectrum of compour® in CDCk

Fig. S26. 'H NMR spectrum of compourieH166 in CDCl;
Fig. S27. *H NMR spectrum of compourB in CDCls

Fig. S28. *C NMR spectrum of compour8 in CDCl

Fig. S29. 'H NMR spectrum of compour#t in DMSO-dg

Fig. S30. **C NMR spectrum of compourit in DMSO-dg
Fig. S31. 'H NMR spectrum of compourfiH162 in DMSO-ds
Fig. S32. *H NMR spectrum of compour@b in CDCl

Fig. S33. *C NMR spectrum of compour in CDCk

Fig. S34. 'H NMR spectrum of compourizb in CDCls

Fig. S35. 'H NMR spectrum of compourieH174 in DMF-d;
Fig. S36. 1*C NMR spectrum of compourieH174 in DMF-d;
Fig. S37. 'H NMR spectrum of compour¥ in CDCls

Fig. S38. 1*C NMR spectrum of compour¥ in CDCh

Fig. S39. *H NMR spectrum of compourB in DMSO-dg

Fig. $40. **C NMR spectrum of compour28 in DMSO-dg
Fig. $41. 'H NMR spectrum of compourfH170 in DMSO-ds
Fig. $42. ®*CNMR spectrum of compourH170 in DMSO-ds
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Fig. S1. SEM Images of nickel oxide nanoparticles with¢&) and with (B) DTAB, both
display monodispersive particle sizes

dyes HOMO LUMO
EH122 M
EH166 M
\w *,
% )
EH174
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Fig. S2. The electron density distributions of frontier lewular orbitals from TD-DFT
calculations.
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Table S1. Calculated excitation energy, oscillator strengiid transitions involved for the low-

dye excited statd compositfbn Acah NM fP
H-1 — L+1 (16%), H— L
S (70%) 434 1.03
shie H-1 — L (18%), H — L+1
-1 — 0), — L+
S (68%) 421 1.18

lying excited states of EH series dyes
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N ?6.5%7 L+1 (30%), H— L 414 1.18
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Fig. S8. *H NMR spectrum of compourifiPA1 in CDCl

Current Data Parameters
NAME ES 20180523
2

© EXPNO

° o= 5235 wman ~ ® ~ PROCNO 1

o - ™ N oOm~N M ~An O - o~ (=]

N b co AT AR ©w ° ©  F2 - Acquisition Parameters

b4 Lo - LR 5 N 5 Date 20180523

w e ™M ™M NNN M~~~ O o ~N v -

- - - PR b © o~ © 0 & Tine 16.56
INSTROM spect.

| \ / I | \l/ \ \1/ ] | PROBED  § mn CPPBEO B8
PULPROG 291930
™ 32606
SOLVENT €oe1y
us 1046
o8 2
sw 31446.541 Bz
FIORES 0.964440 Hz
) 0.5184354 sec
RG 23170.8

O oK 15.900 usec

o2 25.00 usec

T 298.0 X
3] 3.00000000 sec
011 0.03000000 sec
700 1

wmmmnmnn CRANNEL ] swmemems
NOC1 13¢
Pl 9.80 usec
PLY 0.08 a8
N PLIN 68.30926802 ¥
5 SsFo1 125.7904830 MNE:z

—0

ecccecee CEANNEL {2 ==eeeeee

CPOPRG(2 waltzlé
NOC2 18
PCPO2 80.00 usec
L2 =0.30 @
PL12 16.60 dB
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d PLIZN 0.39017397 W
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Fig. S9. **C NMR spectrum of compounBPA1 in CDChk
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Current Data Parameters

NAME EH 20151009
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters
Date_ 20151009
Time 23.14
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg30

TD 16384
SOLVENT CDC13

NS 32

DS 2

SWH 4789.272 Hz
FIDRES 0.292314 Hz
AQ 1.7104896 sec
RG 512

bW 104.400 usec
DE 6.50 usec
TE 300.2 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 1H

Pl 10.30 usec
PL1 -2.00 dB
PL1W 23.88643074 W

SFO1 400.1320424 MHz

F2 - Processing parameters
SI 84

SF 400.1300090 MHz
WDW no
SSB 0
LB 0 Hz
GB 0
pC 1.00
l |
T T T T T T T T T T
10 9 8 7 6 5 4 2 pPpm
o = = A =3 =d 0
=3 0 -0 8 N O~ =
e elNNaIeIN QR =
o~ N O T N | 'O_ ~ ]
. 1 .
Fig. S10. "H NMR spectrum of compount¥ in CDCk
TN AMOICE~CMNTOON~N YO AONMONS OO Current Data Pacamsters
OMVUWOUITVOWDOD AT AVMNMONSCWOOANAT AT T NMWRN o NAME EH 20160607-2
TONAOTNOOVOVWMWOWOIT ANMANAT AT M A AW T O Q EXPNO 6
NOANNATDONOLPEEMNNOOOON®PEOWT O . PROCNO 1
COVOOVVIITIITTONONNMMNOOOHOONNNNNNNNNN —
par i R R R R s s = I = = [ [ g Gtk b J Sl B S R - o F2 - Acquisition Parameters
Date_ 20160608
N TS e Do %% b
INSTRUM spect
PROBHD  2114607_0193 (
PULPROG 2g1g30
TD 32768
SOLVENT cDC13
NS 10139
DS 2
SWH 37500.000 Hz
FIDRES 1.144409 Hz
20 0.4369067 sec
RG 190.93
DW 13.333 usec
DE 6.50 usec
TE 301.9 K
D1 3.00000000 sec
D11 0.03000000 sec
TDO 1
SFO1 150.9327363 MHz
NUC1
Pl 12.00 usec
PLW1 78.05599976 W
SFO2 600.1824007 MHz
NUC2 1H
CPDPRG (2 waltz16
PCPD2 70.00 usec
PLW2 24.79599953 W
PLW12 0.50639212 W
F2 - Processing parameters
sI 32768
SF 150.9153810 MHz
WDW EM
SSB 0
LB 3.00 Hz
GB o
PC 1.00
-l . A J.M_UJJJLJ.A I o
T T T T T T T T T T T T T 1
180 170 160 150 140 130 120 110 100 90 80 50 40 30 20 ppm
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Fig. S11. *C NMR spectrum of compourt¥ in CDCk

Current D

ata Parameters

=}
o NAME EH 20151027
=} EXPNO 4
o PROCNO 1
—
F2 - Acquisition Parameters
\\ Date_ 0151027
Time 15.19
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg30
TD 16384
SOLVENT cDC13
NS 32
DS 2
SWH 4789.272 Hz
FIDRES 0.292314 Hz
RO 1.7104896 sec
RG 512
DwW 104.400 usec
DE 6.50 usec
TE 299.7 K
D1 1.00000000 sec
TDO 1
===mm=== CHANNEL fl ========
NUC1 1H
P1 10.30 usec
PL1 -2.00 dB
PL1W 23.88643074 W
SFO1 400.1320424 MHz
F2 - Processing parameters
SI 6384
SF 400.1300090 MHz
WDW no
SSB 0
LB 0 Hz
GB 0
PC 1.00
. . I} ,
I T T T T T T T T T T T T T T T T T T T
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J
(=3
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Fig. S12. "H NMR spectrum of compountB in CDCl
Current Data Parameters
NAME ES 20180606-1
MATELAT AVNNINMNMAHAOWOATUVLAWAIRNM T AN O N EXPNO 2
LVEVWITVITOTONONHNAITNSWOLOMOOY ANT O RN
CONATNHOOLVNANITEOWAVNHNNOTMATOHNANO PROCNO 1
CANNNPONOPODEEWMNHOOOONN®W®®OM™S TN F2 - Acquisition Parameters
COHOUVIITITTONOMNOMONMHOOOOHNNNNNNNNN N Date, 20180607
e e e e e e R R e R R R B I R IR IR IR IR IR IR IR IR R I SR I e Fope
‘\S‘\\I\ﬁ‘&\\\ %"M’J INSTRUM spect
PROBHD 5 mm CPPBBO BB
PULPROG zg30dc
D 32590
SOLVENT CDC13
NS 11000
DS 2
SWH 34013.605 Hz
FIDRES 1.043682 Hz
AQ 0.4790730 sec
RG 23170.5
bW 14.700 usec
DE 25.00 usec
TE 298.0 K
D1 3.00000000 sec
D11 0.03000000 sec
PO 9.80 usec
TDO 1
HO CHANNEL f1 =:
)—QN 13¢
9.80 usec
© 0.08 dB

68.30928802 W
125.7898572 MHz

CHANNEL {2 ========

CPDPRG (2 waltzlé
NUC2 1H
PCPD2 80.00 usec
PL2 -0.30 dB
PL12 16.60 dB
PL2W 19.10989761 W
PL12W 0.39017397 W
SFO02 500.2020008 MHz
F2 - Processing parameters
SI 32768
SF 125.7753900 MHz
WDW no
SSB (]
LB 0 Hz
GB [+
PC 1.00
Ll i L e )
T T T T T T T T T T T T T T T T T T 1
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Fig. S13. **C NMR spectrum of compouri8 in CDCh

Current Data Parameters

NAME EH 20151020
CENMANNONAANHANWOEON HOAMN M N L D EXPNO 1
N ANOOWITN AOVMITM AOANNHALTNM O T MO
MMNMOONNANWPOO®POW®OSOOITTTNMNMNM N PROCNO 1
00 GO @ 0 [~ [~ [~ [~ [~ [~ [~ [~ 0~~~ 0~~~ 0~~~ s~~~ F2 - Acquisition Parameters

/ Date_ 20151020
Time 20.14

INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg30
TD 16384
SOLVENT CcDC13
NS 32
Ds 2
SWH 4789.272 Hz
FIDRES 0.292314 Hz
AQ 1.7104896 sec
RG 512
DW 104.400 usec
DE 6.50 usec
TE 298.7 K
D1 1.00000000 sec
TDO 1
messssss CHANNEL f]l =sssseee
NUC1 1H
P1 10.30 usec
PL1 -2.00 dB
PL1W 23.88643074 W
SFO1 400.1320424 MHz
F2 - Processing parameters
SI 16384
SF 400.1300096 MHz
WDW no
SSB 0
LB 0 Hz
GB 0
PC 1.00
I T T T T T T T T T T T T T T
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Fig. S14. 'H NMR spectrum of compouriH122 in CDCk

Current Data Parameters

NDXNANATDAMN HAANTANMNATINEONENT MO D ~ NAME EH 20151027
AEVMEENOVNNOELOVINANOCOANLATDL®M AOD® MO - EXPNO 1
NN OTTTOTITTOMOMOMHONNN o PROCNO 1
R N e o e e e e i e ™
F2 - Acquisition Parameters
W Date_ 20151027
Time 15.03
INSTRUM spect.
PROBHD 5 mm Dual 13C/
PULPROG 2g30
™ 16384
SOLVENT cpeLs
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DS 2
\ 0 SwH 4789.272 Hz
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DO 1
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F2 - Processing parameters
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Fig. S15. *H NMR spectrum of compourit®in CDCl
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o~ o~ 0 ISEaK)
0 o T — O O
o e} M~
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SOLVENT

Current Data Parameters

EH 20160606
3
1

F2 - Acquisition Parameters

20160607
9.09 h
spect
2114607_0193 (
zg1g30
32768
cDC13
12288
2
37500.000 Hz
1.144409 Hz
0.4369067 sec
190.93
13.333 usec
6.50 usec
301.5 K
3.00000000 sec
0.03000000 sec
1

150.9327363 MHz

12.00 usec
78.05599976 W
600.1824007 MHz

1H
waltzlé

70.00 usec
24.79599953 W

PLW12 0.50639212 W

F2 - Processing parameters

SI 32768

SF 150.9153810 MHz

WDW EM

SSB 0

LB 3.00 Hz

GB 0o

PC 1.00
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Fig. S16. *C NMR spectrum of compouri®in CDCl;
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Current Data Parameters

NAME EH 20151028
EXPNO 3
PROCNO 1

F2 - Acquisition Parameters
Date_ 20151028
Time 21.22
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg30

TD 16384
SOLVENT DMSO

NS 32

DS 2

SWH 4789.272 Hz
FIDRES 0.292314 Hz
AQ 1.7104896 sec
RG 512

Dw 104.400 usec
DE 6.50 usec
TE 298.0 K
D1 1.00000000 sec
TDO 1

CHANNEL f1

NUC1 1H

P1 10.30 usec
PL1 -2.00 dB
PL1W 23.88643074 W
SFO1 400.1320424 MHz

F2 - Processing parameters

SI 16384
SF 400.1300035 MHz
WDW no
SSB 0
LB 0 Hz
GB 0
PC 1.00
I ol . s e
T T T T T T T T T T T T T T T T T T T T 1
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
Il
o
=3
-1
-
' 'H NMR f r2D in DMSO<d
Fig. S17. spectrum of compourD in 5
Current Data Parameters
NAME ES 20180524-1
EXPNO 3
O NV ACTANMTONANDND AONDADAMI NN ® < O N~ PROCNO 1
W OWITOITMNHOC-ACT AN AFOOMHOE-ITULMHNOTO
N FoOWVWATONLIAODMANANDOITNMOOETMANON N >~ F2 - Acquisition Parameters
B N e P I e TP Eoue zonteeis
W VUOUOMWULITITTOHOOMHOMOMHOMHOOMHONOMOHOANNNNNNNNNNN
Pl Joul el A ML Sl Sl Sl il Bl Dl Sl il Dl S J R J R T SR R J R INSTRUM spec
PROBHD 5 mm Dual 13C/
| TT——msses=—s\)\lfm—m—m————" POLEROG 2951
™D 32768
SOLVENT DMSO
NS 2600
Ds 8
SWH 23980.814 Hz
FIDRES 0.731836 Hz
AQ 0.6832128 sec
RG 2896.3
DW 20.850 usec
DE 6.50 usec
TE 299.1 K
o) D1 3.00000000 sec
HO D11 0.03000000 sec
PO 11.00 usec
TDO 1
! ==m===== CHANNEL fl ========
S NUC1 13¢
N O Q N P1 11.00 usec
PL1 .75 dB
PL1W 31.70233536 W
N\ /N SFO1 100.6228293 MHz
- ~ CHANNEL £2 =
HO CPDPRG (2 waltz16
o} NUC2 1H
PCPD2 70.00 usec
PL2 -3.00 dB
PL12 13.00 dB
PL2W 30.07123375 W
PL12W 0.75535524 W
SFo2 400.1318764 MHz
F2 - Processing parameters
SI 32768
SF 100.6128162 Miz
WDW EM
sSB o
LB 3.00 Hz
GB o
BC 1.40
L l ll lll IL JL‘ 1
T T T T T T T T T T T T T T T T T T 1
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Fig. S18. 13C NMR spectrum of compourD in DMSO-ds
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Current Data Parameters

NAME
EXPNO
PROCNO

EH 20151029
6

1

F2 - Acquisition Parameters
Date_ 20151

029
Time 22.26
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg30
TD 16384
SOLVENT DMSO
NS 32
Ds 2
SWH 4789.272 Hz
FIDRES 0.292314 Hz
AQ 1.7104896 sec
RG 512
DW 104.400 usec
DE 6.50 usec
TE 300.2 K
D1 1.00000000 sec
TDO 1
essseses CHANNEL f] sesscscs
NUC1 1H
Pl 10.30 usec
PL1 -2.00 dB
PL1W 23.88643074 W
SFO1 400.1320424 MHz

F2 - Processing parameters
SI 16384

SF 400.1300025 MHz
WDW no
SSB 0
LB 0 Hz
GB 0
PC 1.00
A . ( L
T T T T T T T T T T T T T T T T T T T
95 90 85 8.0 5 70 65 60 55 50 45 40 35 30 25 20 15 ppm
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S19. *H NMR spectrum of compourteH126 in DMSO-dg

Current Data Parameters

NAME
EXPNO
PROCNO

EH 20151125
1
1

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG

TD
SOLVENT
NS

NOC1
Pl
PL1
PL1W
SFO1

SI
SF
WDW
SSB
LB
GB
PC

20151125
12.09
spect

5 mm Dual 13C/
zg30

16384

CDC13

32

2
4789.272 Hz
0.292314 Hz

1.7104896 sec
512
104.400 usec
6.50 usec
298.4 K
1.00000000 sec
1

CHANNEL f1 ========
1H

10.30 usec

-2.00 dB
23.88643074 W
400.1320424 MHz

F2 - Processing parameters

16384
400.1300093 MHz
no
0
0 Hz
0
1.00

1 N ‘,.a.LA 1 N LJ_—’\__
T T T T T T T ] T T
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'H NMR spectrum of compourll in CDCl

Current Data Parameters

NAME EH 20160613
EXPNO 5
PROCNO 1

F2 - Acquisition Parameters
Date_ 20160614
Time 1.15
INSTRUM spect
PROBHD 5 mm CPPBBO BB
PULPROG zg30dc

TD 32590
SOLVENT CDC13

NS 1623

DS 2

SWH 34013.605 Hz
FIDRES 1.043682 Hz
AQ 0.4790730 sec
RG 7298.2

DW 14.700 usec
DE 25.00 usec
TE 298.1 K
D1 3.00000000 sec
D11 0.03000000 sec
PO 9.50 usec
TDO 1

= CHANNEL f1 =
13C
9.50 usec
-0.08 dB
70.87282562 W
125.7898572 MHz

77 % ) Y R —

CPDPRG (2 waltz16
NUC2 1H
PCPD2 80.00 usec
PL2 -0.40 dB
PL12 16.50 dB
PL2W 19.55502319 W
PL12W 0.39926234 W
SFO2 500.2020008 MHz
F2 - Processing parameters
sI 32768
SF 125.7753900 MHz
WDW EM
SSB 0
LB 3.00 Hz
GB 0
PC 1.00

Wy W wad

T T
180 170

10.024
8.709
8.693
8.007
7.989
7.907
7.891
7.883
7.866
7.771
7.765
7.763
7.760
7.757
7.755
7.752
7.608
7.594
7.591
7.416
7.409
7.403
7.387
7.338
7.327
7.324
7.313
7.297
7.284

|
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Fig. S21. *C NMR spectrum of compouril in CDCk
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Current Data Parameters

NAME ES 20180622

EXPNO 2

PROCNO 1

F2 - Acquisition Parameters

Date_ 20180622

Time 21.18

INSTRUM spect

PROBHD 5 mm CPPBBO BB

PULPROG zg60

TD 32768

SOLVENT CDC13

NS 16

DS 2

SWH 6510.417 Hz

FIDRES 0.198682 Hz

AQ 2.5165825 sec

RG 181

DW 76.800 usec

DE 25.00 usec

TE 298.0 K

D1 1.00000000 sec

TDO 1
CHANNEL f1

NUC1

Pl 11.80 usec

PL1 0.40 dB

PL1W 16.26515961 W

SFO1 500.2027511 MHz

F2 - Processing parameters

SI 16384

SF 500.2000113 MHz

WDW EM

SSB 0

LB 0.30 Hz

GB ]

PC 1.00

N

2.063
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Fig. S22.

'H NMR spectrum of compourR in CDCl

Current Data Parameters
NAME ES 20180605

EXPNO 4
or~m PROCNO 1
NN MNAEHOOCOMEYVASNNOWNOTIT M ®
AW ANONONVOWVWNNTLMWNOMNMODMAN OSSO N ™
CONCMONADON AN~ ALCNOONNOSMN®®NN M~ o N F2 - Acquisition Parameters
T A W ~ Date_ 20180606
CONAATN VANV OVOEMNHOONNNOW®WWIT M OO .. Time 8.31
OEOOVTITONNNOMONNHOHONNNNNNNNNNN A A &
A A A A A AAAAAAAAAAA A A A A A A A A A A A A A 0 0 INSTRUM spect.
PROBHD 5 mm CPPBBO BB
NESSen s it SEANY V
TD 32590
SOLVENT cDel3
NS 9000
DS 2
SWH 34013.605 Hz
FIDRES 1.043682 Hz
aQ 0.4790730 sec
RG 23170.5
DW 14.700 usec
DE 25.00 usec
TE 298.0 K
D1 3.00000000 sec
D11 0.03000000 sec
PO 9.80 usec
TDO 1
HO CHANNEL f1
}—@—N NUC1 13¢C
o P1 9.80 usec
PL1 0.08 dB
PL1W 68.30928802 W
SFO1 125.7898572 MHz
mmmmmm== CHANNEL f2 ====s===
CPDPRG (2 waltz16
NUC2 1H
PCPD2 80.00 usec
PL2 -0.30 dB
PL12 16.60 dB
o PL2W 19.10989761 W
K/ PL12W 0.39017397 W
SFO2 500.2020008 MHz

F2 - Processing parameters
SI 32768

SF 125.7753900 MHz
EM

[T UMMMI. T
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T
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Fig. S23. *C NMR spectrum of compour® in CDCl

Current Data Parameters

™ o
,\ggwjgggﬁggg g NAME EH 20160519
WOWOWOWITrITOHOMHMHANN - EXPNO 2
. PROCNO 1
[ el el el e e i <
F2 - Acquisition Parameters
Date_ 20160519
Time 14.48
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg30
™D 16384
SOLVENT cpel3
NS 16
DS 2
SWH 4789.272 Hz
FIDRES 0.292314 Hz
AQ 1.7104896 sec
RG 512
DW 104.400 usec
DE 6.50 usec
TE 300.5 K
D1 1.00000000 sec
TDO 1
HO
N = CHANNEL f1 =
1H
o 15.00 usec
0.10 dB

14.72825336 W
400.1320424 MHz

F2 - Processing parameters

SI 16384
SF 400.1300000 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
T T T T T T T T T T T T ] T T T T T
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4. 'H NMR spectrum of compourfeH166 in CDCl;

Current Data Parameters

NAME EH 20151118
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20151118
Time 15.58
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg30
TD 16384
SOLVENT CDC13
NS 32
Ds 2
SWH 4789.272 Hz
FIDRES 0.292314 Hz
AQ 1.7104896 sec
RG 512
DW 104.400 usec
DE 6.50 usec
TE 298.3 K
D1 1.00000000 sec
TDO 1
CHANNEL f1 m——
1H
10.30 usec
-2.00 dB
23.88643074 W
SFO1 400.1320424 MHz
F2 - Processing parameters
SI 16384
SF 400.1300094 MHz
WDW no
SSB 0
LB 0 Hz
GB 0
PC 1.00

180.625
166.651

9
VOWITFNOVWOHANLEOVMVNOMWOWANANT SO T MmO
VDECLIVOAONTNYVOSOSTITNW® DM O
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AHOSTWWAWOOOSTNHOO NN WWWLW T ™M
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123.034
119.543
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Current Data Parameters
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NAME EH 20160608
EXPNO 8
PROCNO 1

F2 - Acquisition Parameters
Date_ 20160608
Time 16.09 h
INSTRUM spect
PROBHD 2114607_0193 (
PULPROG 291930

TD 32768
SOLVENT CDC13

NS 10240

Ds 2

SWH 37500.000 Hz
FIDRES 1.144409 Hz
AQ 0.4369067 sec
RG 190.93

DW 13.333 usec
DE 6.50 usec
TE 300.0 K
D1 3.00000000 sec
D11 0.03000000 sec
TDO 1

SFO1 150.9327363 MHz
NUC1

Pl 12.00 usec
PLW1 78.05599976 W
SFO2 600.1824007 MHz
NUC2 1H
CPDPRG (2 waltzl6é
PCPD2 70.00 usec
PLW2 24.79599953 W
PLW12 0.50639212 W
F2 - Processing parameters
SI 32768

SF 150.9153810 MHz
WDW EM

SSB 0

LB 3.00 Hz
GB 0

PC 1.00

T T T T 1
40 30 20 ppm
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Current Data Parameters

4.565
4.556

NAME EH 20151222
EXPNO 1
PROCNO 1

\\/ F2 - Acquisition Parameters
Date_ 20151222
Time 22.09 h
INSTRUM spect
PROBHD 2114607_0193 (
PULPROG zg30
TD 32768
SOLVENT DMSO
NS 16
DS 2
SWH 7796.258 Hz
FIDRES 0.237923 Hz
20 2.1015210 sec
RG 171.68
DwW 64.133 usec
DE 10.47 usec
TE 300.0 K
D1 2.00000000 sec
TDO 1
SFO1 600.1836011 MHz
NUC1 1H
Pl 10.00 usec
PLW1 24.79599953 W
F2 - Processing parameters
SI 16384
SF 600.1800055 MHz
WDW no
SSB 0
LB 0 Hz
GB 0
PC 1.00

1.000

4.120 =

Fig. S27. 'H NMR spectrum of compour@#t in DMSO-ds
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Current Data Parameters

NAME ES 20180524
EXPNO 4
PROCNO 1
F2 - Acquisition Parameters
Date_ 20180524
Time 12.13
INSTRUM spect
PROBHD 5 mm CPPBBO BB
PULPROG zgig30
TD 32606
SOLVENT DMSO
NS 2730
DS 2
SWH 31446.541 Hz
FIDRES 0.964440 Hz
AQ 0.5184354 sec
RG 13004
DW 15.900 usec
DE 25.00 usec
TE 298.0 K
D1 3.00000000 sec
D11 0.03000000 sec
TDO 1
CHANNEL f1 =
13C
9.80 usec
0.08 dB
68.30928802 W
125.7904830 MHz

CHANNEL f2 =
CPDPRG (2 waltzl6
NUC2 1H
PCPD2 80.00 usec
PL2 -0.30 dB
PL12 16.60 dB
PL2W 19.10989761 W
PL12W 0.39017397 W
SF02 500.2020008 MHz
F2 - Processing parameters
SI 32768
SF 125.7754483 MHz
WDW EM
SSB [}
LB 3.00 Hz
J i GB 0

PC 1.00

oot — — Dot & . "

Yo A e y ieytemianphyb et i by - w
T T T T T T T T T T T T T T T T T T 1
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

MR spectrum of compourZft in DMSO-ds

Current Data Parameters

NAANALINNDXETNMOVWMUOANITOAMIT N T MW ~
AT ANANLNOTNOOFTOVVTOOA{OR>WSWAN fee} NAME EH 20160517
WOTNA AN VITITTOMOMONNAOC w EXPNO 1
Leoie oo e o oI« o ol ol el el o e 5 S o o o o ol e - PROCNO 1
l\l\‘u\\n‘\nN/ M%#/ F2 - Acquisition Parameters
Date_ 20160517
ime 15.06
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG zg30
™D 16384
SOLVENT DMSO
NS 16
Ds 2
SWH 4789.272 Hz
FIDRES 0.292314 Hz
RO 1.7104896 sec
RG
o DW 104.400 usec
DE 6.50 usec
HO TE 97.
CN D1 1.00000000 sec
NC TDO 1
S = CHANNEL f1
O~ :
P1 15.00 usec
N N o o PL1 0.10 dB
PL1W 14.72825336 W
- \) SFO1 400.1320424 MHz
HO F2 - Processing parameters
o SI 16384
SF 400.1300000 MHz
WDW no
SSB 0
LB 0 Hz
GB 0
PC 1.00
[ .
T T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
J L )|
©| fo’m’o’o'r‘h'o'hlm ©
= N R N <
] I ] K bt o et B D B ]
| rlelce oo o ol <
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Current Data Parameters
NAME ES 20180614

EXPNO 1

PROCNO 1

F2 - Acquisition Parameters

Date_ 20180614
14.22 h

INSTRUM spect

PROBHD 2114607_0193 (

PULPROG zg30

TD 32768

SOLVENT CDC13

NS 16

DS 2

SWH 7796.258 Hz

FIDRES 0.237923 Hz

AQ 2.1015210 sec

RG 152.39

DwW 64.133 usec

DE 10.47 usec

TE 3 .0 K

D1 2.00000000 sec

TDO 1

SFO1 600.1836011 MHz

NUC1 1H

P1 10.00 usec

PLW1 24.79599953 W

F2 - Processing parameters

SI

SF 600.1800156 MHz

WDW EM

SSB o

LB 0.30 Hz

GB o

PC 1.00

3 2 1 ppm

10.130

Fig. S30. 'H NMR spectrum of compour2s in CDCh

Current Data Parameters

NAME ES 20180612
WITNXEARANTOVRANNANTOOOWT HOTVM®PN®H®® EXPNO 2
NONOEXICTON~TONOXVWRNAYOL ACOMOMATMSNNO ~ PROCNO 1
TOORVOMNIMOEOITVANOASIN AOMHAMO VWV ©N® I
NN AA~ O A0 DODOEOVONNOOOONNN®MS O TMM . giteAcquﬁsmloznoragzrfsters
DOVOVVVITIIIOMMNOOMMNHNOOMONNNNNNNNN NN — -
Ad A AdAdAdAAdAAAAAAAAAAAAAAAAAAAAAAA A A A [To} Time 17.56
INSTRUM
\k\%ﬁ‘\“&aﬁ\ﬁl\\\\ PROBHD 5 mm CPPBBO BB
PULPROG zg30dc
TD 32590
SOLVENT CDC13
NS 2200
DS 2
SWH 34013.605 Hz
FIDRES 1.043682 Hz
2Q 0.4790730 sec
RG 20642.5
DW 14.700 usec
DE 25.00 usec
TE 298.0 K
D1 3.00000000 sec
D11 0.03000000 sec
PO 9.80 usec
TDO 1
CHANNEL £1
13¢C
9.80 usec
8 dB

68.30928802 W
125.7898572 MHz

—0
CN
o]

= CHANNEL £2

CPDPRG([2 waltz16
NUC2 1H
PCPD2 80.00 usec
PL2 -0.30 dB
PL12 16.60 dB
PL2W 19.10989761 W
PL12W 0.39017397 W
SFO2 500.2020008 MHz

F2 - Processing parameters

ST 32768
SF 125.7753900 MHz
WDW
sSB 0
LB 3.00 Hz
GB 0
| J PC 1.00
| J ol iR S RN W
-

T T T T T T T T

T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Fig. S31. **C NMR spectrum of compour in CDCl
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NAME
EXPNO
PROCNO

Date_
Time
INSTRUM
PROBHD
PULPROG

NOUC1
Pl
PL1
PL1W
SFO1

ST
SF
WDW
SSB

o

ppm

2.000

S32. 'H NMR spectrum of compourb in CDCls
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NAME
EXPNO
PROCNO

8.642
8.62
8.18
8.177
8.137
8.122
8.10¢
7.89
7.88C
7.752
7.737
7.610
7.60
7.554
7.54¢
7.53
7.516
7.50
7.45
7.438
7.42¢C
7.40
7.27
7.26

|

Current Data Parameters

ES 20180622
1

1

F2 - Acquisition Parameters

20180622
21.13

spect

5 mm CPPBBO BB
zg60

32768

CDC13

16

2
6510.417
0.198682
2.5165825
181
76.800 usec
25.00 usec
298.0 K
1.00000000 sec
1

Hz
Hz
sec

CHANNEL f1 ========
1H

11.80 usec

0.40 dB
16.26515961 W
500.2027511 MHz

F2 - Processing parameters

16384
500.2000113 MHz
EM
0
0.30 Hz
0
1.00

Current Data Parameters

ES 20180626
1
1

F2 - Acquisition Parameters
Date_ 20180

626

Time 15.31
INSTRUM spect
PROBHD 5 mm CPPBBO BB
PULPROG 2960
TD 32768
SOLVENT DMF
NS 16
Ds 2
SWH 6510.417 Hz
FIDRES 0.198682 Hz
AQ 2.5165825 sec
RG
bW 76.800 usec
DE 25.00 usec
TE 298.0 K
D1 1.00000000 sec
HO TDO 1
>—_<::>>_ CHANNEL £1
S} NUC1 1
Pl 11.80 usec
PL1 0.40 dB
PL1W 16.26515961 W
SFO1 500.2027511 MHz
Q F2 - Processing parameters
SI 16384
SF 500.2000895 MHz
WowW EM
SSB [
LB 0.30 Hz
GB 0
PC 1.00
T T T T T T T T T 1
9 7 6 5 a4 3 2 1 ppm

944

0.134
4.003

1

8
sﬁ%:ssﬁ
8% 0 =8 &
™ 0w N ©

Fig. S33. 'H NMR spectrum of compouriH174 in DMF-d;

1
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Current Data Parameters

NAME ES 20180629
WHOFNOL AN ATV OWVWNONANTOCEMITTVOITVWNOMOM EXPNO 2
NOEMNAOTOOTMMEITENTNONNCNAONAOANTONNANO T~ M PROCNO 1
AYMONANTTAVTAONOATE HB®OATMOT AN VNS VOo LA o
POMANNNEHOONAROENITNANAAHOOONN®SDLTN®S + » F2 = Aoquisition Farameters
VWOV ITTTTNNMNMONOHMNMNOHOMNMNMOHMHMMMHANNNNNNNNA A0 A Date_ 20180701
A4 AAAAAAAAAAAAAAAAAAAAAAAAAAAA A ~ O © Time 13.06
/ INSTRUM spect.
PROBHD 5 mm Dual 13C/
PULPROG zg45de
TD 32768
SOLVENT DMF
NS 38000
DS 2
SWH 23980.814 Hz
FIDRES 0.731836 Hz
AQ 0.6832128 sec
RG 5160.6
oW 20.850 usec
DE 6.50 usec
TE 299.0 K
D1 3.00000000 sec
D11 0.03000000 sec
PO 11.00 usec
TDO 1
CHANNEL £1
NUC1 13C
P1 11.00 usec
HO PL1 0.75 dB
N PL1W 31.70233536 W
o SFO1 100.6228293 MHz
CHANNEL £2 =
CPDPRG (2 waltz16
NUC2 1H
PCPD2 70.00 usec
PL2 -3.00 dB
PL12 13.00 dB
PL2W 30.07123375 W
PL12W 0.75535524 W
SFO2 400.1318764 MHz
F2 - Processing parameters
sI 32768
SF 100.6126664 MHz
WDW EM
SSB 0
LB 3.00 Hz
GB 0
J PC 1.40
J Lol
T T T T T T T T T T T T T T T 1} T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Fig. S34. °C NMR spectrum of compoureH174 in DMF-d;

Current Data Parameters
NAME

NV OoOOoOVWUOVUANTVITOEMNMONTAM AN TOONDNINT OOW A T W)W CR180614
DTNV VNOXTWMIANNCTCNAHNADDMITINAT OO NN NO EXPNO 2
OANNNNANNNDP®OXEETEECOOMIIITITOMNOMONHONNNN O PROCNO 1
L o o e S i e el et o o o o o o S o S F2 - Acquisition Parameters
Date_ 20180614
me 15.41
INSTRUM spect
PROBHD S5 mm CPPBBO BB
PULPROG zg60
TD 32768
SOLVENT cpe13
NS 9

TDO
N\ /N
(o)
SO0
PL1W

o

SFO1

F2 - Processing parameters
SI

SF

WDW

SSB

LB

GB

PC

2
6510.417 Hz
0.198682 Hz

2.5165825 sec
181

76.800 usec
25.00 usec
298.0 K
1.00000000 sec
1

CHANNEL f1 =

1H
11.50 usec
0.30 dB

16.64402390 W
500.2027511 MHz

16384
500.2000105 MHz

no

1.00

11

o]

4.196
01
6.036 — &

Fig. S35. *H NMR spectrum of compouri¥ in CDCls
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Current Data Parameters

NAME CR180614
EXPNO 3
PROCNO 1
AN~ ENOOANDAMENMNMOODMNANTONOMWD MR
ANOFTOVWNVANOTTDITAITLITASCWANOWIANDNNOWO T O O F2 - Acquisition Parameters
COMOACANNMOXEONEAOMNHONDOMIM®O©DT O o Date 20180614
NONAHODAONDDVOXENITNAAOONNN®MS OO W T ITM . Time 17.26
DODOOMIIITOMMNMMMHMMNNMMOMHOHONNNNNNNNNNN o INSTRUM spect
A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A 0 PROBHD 5 mm CPPBBO BB
\ PULPROG zg30dc
32590
SOLVENT cDCl13
NS 1762
DS 2
SWH 34013.605 Hz
FIDRES 1.043682 Hz
AQ 0.4790730 sec
RG 23170.5
DW 14.700 usec
DE 25.00 usec
N TE 300.0 K
e} D1 3.00000000 sec
D11 0.03000000 sec
PO 10.20 usec
| N TDO 1
s s N
o === CHANNEL fl ===m====
\ | 13C
10.20 usec
-0.08 dB
N\ /N PL1W 70.87282562 W
SFO1 125.7898572 MHz
mmmmmm== CHANNEL f2 ========
CPDPRG 2 waltz16
NUC2 1H
PCPD2 82.00 usec
PL2 -0.40 dB
PL12 16.00 dB
PL2W 19.55502319 W
PL12W 0.44797972 W
SFO2 500.2020008 MHz
F2 - Processing parameters
sI 32768
SF 125.7753661 MHz
WDW EM
SSB 0
LB 3.00 Hz
GB 0
PC 1.00
L. J JllJJ 4 _
T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 920 80 70 60 50 40 ppm
. 13 .
Fig. S36. °C NMR spectrum of compouri¥ in CDChk
Current Data Parameters
TOULTANNNNORITANNDD O ANMDO AO M NAME EH 20160526
HOOVNTODIEWOEDN NSNS OO DO T
O AAOCOONNNOETWWLWITITITOM®ON A 35?30 i
OV 0 W O MM [~ [~ [~ [~ [~ [~ 0~~~ 0~ 0~~~
\M\' %ﬁ@‘%" F2 - Acquisition Parameters
Date_ 20160526
Time 21.11
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG 2930
T 16384
SOLVENT DMSO
NS 8
DS 2
SHH 4789.272 Hz
FIDRES 0.292314 Hz
aQ 1.7104896 sec
RG 362
o DW 104.400 usec
DE 6.50 usec
HO TE 298.2 K
D1 1.00000000 sec
B DO 1
S S \O CHANNEL £1
)~ :
15.00 usec
0.10 dB
Q NON 14.72825336 W
400.1320424 MHz
HO F2 - Processing parameters
o sI 16384
SF 400.1300027 MHz
WDW EM
5B 0
LB 0.30 Hz
GB 0
BC 1.00
| e Atll_k_h.)\A,ll o o
T T T T T T T T T T T T T T T T T T T T 1
100 95 90 85 8.0 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
‘ )L
) FF‘-’ ovxm ‘Td"
=3 ®(O /|~ @0« @
e =S| R ]
- ’ “lloileiled|ed cn‘co ©

Fig. S37. 'H NMR spectrum of compour28 in DMSO-ds
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CCEPTED MANUSCRIP

Current Data Parameters
NAME EH 20160615
7

NO~OENOAXMNMOVNENANTOCNNMASNTOANT M N T © gﬁg‘gﬁo 1
WCENMOTAdITNOMNNAAdANANNOTITVAHNOLLVLNTOON
HANMOUETOOUEMOEINANMACNEMONONDOOMMS VT AN
F‘2-Acq-u1;1tl.on?azameters
THENAOVLANNODOXOCTVWITINAOODOONN®POMNSWLWVLM Date. 16061
WOV ITTITMHMHOMMHMMOMHMMHOMHMHMOMHOHONNNNNNNNNNN ’He 23.27
A A A A AAAAAAAAAAAAAAAAAAA A A A A A A A A A A
INSTRUM spect
S Py w0
PULPROG zg30de
™D 32590
SOLVENT DMSO
NS 10240
DS 2
SWH 34013.605 Hz
FIDRES 1.043682 Hz
AQ 0.4790730 sec
RG 4096
DW 14.700 usec
o DE 25.00 usec
TE 298.0 K
HO D1 3.00000000 sec
D11 0.03000000 sec
B 0 9.50 usec
s s \O TDO 1
-0 e s
NUC1 13¢
N P1 9.50 usec
N, PL1 -0.08 dB
PL1W 70.87282562 W
sFo1 125.7898572 MHz
Q mmmmmmm= CHANNEL £2 m=mm====
CPDPRG (2 waltz16
uc2 1H
PCPD2 80.00 usec
PL2 -0.40 dB
PL12 16.50 dB
PL2W 19.55502319 W
PL12W 0.39926234 W
SFO2 500.2020008 Miz
F2 - Processing parameters
SI
SF 125.7753900 MHz
WDW
SSB 0
LB 3.00 Hz
GB 0
l J I 1.00
, Lol _
T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Fig. S38. *C NMR spectrum of compour28 in DMSO-ds

Current Data Parameters
NAME EH 20160621
EXPNO 1
T T T PROCNO 1

F2 - Acquisition Parameters
Date_ 20160621

Time 21.43 h

INSTRUM spect

PROBHD 2114607_0193 (

PULPROG zg30

TD 32768

SOLVENT DMsO

NS 16

Ds 2

SWH 7796.258 Hz
[e] FIDRES 0.237923 Hz

HO AQ 2.1015210 sec
RG 107.91
pw 64.133 usec
| N \ DE 10.47 usec
TE 300.0 K
N S | s CN D1 2.00000000 sec
\ NC TDO 1
SFO1 600.1836011 MHz
NUC1 1H
N\ /N P1 10.00 usec
PLW1 24.79599953 W
HO
e} O Q F2 - Processing parameters
SI 16384

SF 600.1800055 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00
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MOVOoOEEIVONANMVEOXEITMNITNNMOVOTONISTATNVOVO O

COOMCONEMONOMANTNNTOOTNAYLOVWONOVWOWOWVWO™MTI~O0W

N AMOVAT~OMOMNOO®AOCOVNENHON DNV AT AN A0 NN T O

CANNAOONNMONOOOEVINAATOOOONNDOPDN=NWOWN MW T - Current Data Parameters

LCOHOLOVMIFFIOOHNMNNMNMMOMOHMHOHNMMONNNNNNNNNNNAAM NAME EH 20160621

A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A EXPNO 2
. PROCNO 1

/
§

F2 - Acquisition Parameters
e_ 20160

Dat. 621

Time 21.52 h

INSTRUM spect

PROBHD 2114607_0193 (

PULPROG 2g1ig30

TD 32768

SOLVENT DMSO

NS 13921

Ds 2

SWH 37500.000 Hz

FIDRES 1.144409 Hz

AQ 0.4369067 sec
fe) RG 190.93

bW 13.333 usec
HO DE 6.50 usec
TE 300.1 K
B D1 3.00000000 sec
D11 0.03000000 sec
S S N CN TDO

1
N O Q Q) NC SFO1 150.9327363 MHz
NUC1 13C

N N P1 12.00 usec
\  / PLW1 78.05599976 W
SFO2 600.1824007 MHz
HO NUC2 1H
o O O CPDPRG[2 waltzl6
PCPD2 70.00 usec
PLW2 24.79599953 W
PLW12 0.50639212 W

F2 - Processing parameters
ST 32768

SF 150.9153810 MHz
WDW EM

SSB 0

LB 3.00 Hz
GB 0

PC 1.00

J bt .JJJJ]J“.JJ A ) \

T T T T T T T T T T T T T T T T T T T T 1
200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 ppm

Fig. $40. 3C NMR spectrum of compoureH 170 in DMSO-ds
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Highlights

1. A surfactant-mediated synthetic protocol for NiO nanoparticles used for the
photocathode material of p-type dye-sensitized solar cells were devel oped.

2. The NiO prepared by surfactant-mediated synthesis exhibited higher surface area
than the one prepared by conventional method.

3. A much better efficiency improvement of the p-type dye-sensitized solar cells
with newly developed NiO nanoparticles as the photocathode materials.

4. New organic dyeswith a D-A-TtA structural framework were designed for p-type
sensitizers for p-type dye-sensitized solar cells with best performance up to
0.207%.



