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Abstract: The application of donor-acceptor (D-A) conjugated polymer catalysts for hydrogen
evolution reaction (HER) has shown great promise because of the tunability of such catalysts to have
desired properties. Herein, we synthesized two polymer catalysts: poly[4,4’-(9-(4-aminophenyl)-9H-
carbazole-3,6-diamine-alt-5-oxido-5-phenylbenzo[b]phosphindole-3,7-diyl)dibenzaldehyde] (PCzPO)
and poly[N! N!-bis(4-amino-2-fluorophenyl)-2-fluorobenzene-1,4-diamine-alt-5-oxido-5-phenylbenzo
[b]phosphindole-3,7-diyl)dibenzaldehyde] (PNoFPO). The UV-vis absorption spectra showed that
the less planar structure and the presence of electronegative fluorine atoms in the donor group of
PNoFPO led to a higher optical gap compared to PCzPO, leading to almost five times faster HER rate
using PCzPO compared to PNoFPO. However, density functional theory (DFT) calculations show
that the frontier orbitals and the highest occupied molecular orbitals — lowest unoccupied molecular
orbitals (HOMO-LUMO) gaps of PCzPO and PNoFPO D-A moiety models are very similar, such that,
during light absorption, electrons move from donor to acceptor group where proton binding is
preferred to happen thereafter. For both PCzPO and PNoFPO D-A moieties, H, formation through
an intramolecular reaction with a barrier of 0.6-0.7 eV, likely occurs at the acceptor group atoms
where protons bind through electrostatic interaction. The intermolecular reaction has nearly zero
activation energy but is expected to occur only when the repulsion is low between separate polymers
chains. Finally, experimental and DFT results reveal the importance of extended configurations of
D-A polymers on HER rate.

Keywords: hydrogen evolution reaction; donor-acceptor conjugated polymer; density functional
theory; optoelectronic properties; photocatalysis

1. Introduction

The conversion of solar energy into stored chemical energy is forefront research for the development
of renewable energy [1]. On this note, hydrogen fuel (H;) is known as the best fuel form because of its
energy conversion efficiency and the fact that it can be generated from water and its oxidation only
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produces water without any side products [2]. This motivates the search for photocatalyst materials for
the photocatalysed hydrogen evolution reaction (HER) or water-splitting. Although inorganic materials
are the current choice for photocatalysts, polymer photocatalysts are of great interest owing to their
cheaper cost, sustainability and tunability [3]. Specifically, polymers made of alternating donor and
acceptor units with highly conjugated structures have been shown to be more efficient photocatalysts
for HER [4-9]. With this design, photoexcitation of electrons is accompanied by an intramolecular
charge transfer from donor to acceptor groups [10]. This results in the accumulation of charge in the
acceptor group, where efficient proton binding and reduction is expected to occur. By varying the
donor and acceptor structure, the catalytic properties for HER can be controlled and improved.

Donor-acceptor type conjugated polymers have shown effective photocatalysis performance [11].
Recent designs used donor structures based on fluorene and triazine analogues [12-14]. The important
aspect of successful catalysts seems to be the presence of high 7 conjugation and the introduction
of heteroatoms. For instance, nitrogen and fluorine substitution on fluorene-based analogues have
shown improved performance for HER associated with charge transfer efficiency [14]. However,
the mechanism for binding of a proton, its reduction and formation of Hj is still unclear. To understand
how to design better D-A polymer photocatalysts for HER, it is important to understand how varying
the structure affects the optoelectronic properties and the mechanism of HER to, in turn, get better
HER performance. Density functional theory (DFT) calculations have been valuable towards this end.
DEFT has been used to predict the optoelectronic properties and photocatalytic efficiency of polymer
photocatalysts [15,16]. Recently, the H" binding and H, formation mechanisms involved in HER using
polymer photocatalysts have been studied by DFT as well [10,17].

In this work, we synthesised two novel polymer catalysts (Figure 1) with different donor
units, aiming to compare their HER performance and understand their H, formation mechanisms.
Both structures have the same phosphindole analogue acceptor unit, 4,4’-(5-oxido-5-phenylbenzo
[b]phosphindole-3,7-diyl)dibenzaldehyde (PO). This acceptor structure features a phenylphosphine
oxide group with a polar P = O moiety that has been associated with improved HER performance in
previous studies [9,18]. A carbazole analogue, 9-(4-aminophenyl)-9H-carbazole-3,6-diamine (PCz),
was used as a donor group for the first polymer while a fluorine substituted triphenylamine group,
N N! -bis(4-amino-2-fluorophenyl)-2-fluorobenzene-1,4-diamine (PNoF) was used as a donor for the
second. These polymers are herein referred to as PCzPO and PNoFPO, respectively. Their respective
optoelectronic properties and HER rate were measured. We further performed DFT calculations to
determine the frontier orbital density distributions and mechanism of the reaction to gain insight
into this type of catalyst design. DFT results show that the molecular orbitals of the polymer
structures allow for the expected intramolecular charge transfer, leading to efficient proton binding
and reduction on acceptor groups, followed by forming of H, through an intramolecular reaction.
The intermolecular reaction of forming H2 could take place only when the repulsion is low between
polymers. Both experimental and DFT results indicate the importance of extended configurations of
D-A polymers on HER performance.
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Figure 1. 2D molecular structures of poly[4,4’-(9-(4-aminophenyl)-9H-carbazole-3,6-diamine-alt-5-oxido-
5-phenylbenzo[b]phosphindole-3,7-diyl)dibenzaldehyde] (PCzPO) and poly[Nl,Nl—bis(4—amino—2—
fluorophenyl)-2-fluorobenzene-1,4-diamine-alt-5-oxido-5-phenylbenzo[b]phosphindole-3,7-diyl)
dibenzaldehyde] (PNoFPO) donor-acceptor (D-A) moieties (donor group in blue and acceptor group
in red).

2. Materials and Methods

2.1. General Method

All reagents were obtained from commercial suppliers and used without further purification.
'H NMR spectra were measured using a Bruker Avance 500 MHz NMR spectrometer. Mass spectra
were measured by a VARIAN 901-MS TQ-FT Mass Spectrometer. UV-vis absorption spectra of the
polymers were recorded using Hitachi U-3300 spectrophotometers. The energy levels of the HOMOs
were measured using a photoelectron spectrometer (model AC-2). Optical gaps were calculated from
the onsets of the absorption spectra. The energy levels of the LUMO were calculated by subtracting
the optical gap from the HOMO energy levels. Water for the H, evolution experiments was purified
using an Elix UV.

2.1.1. Synthesis of 3,6-dinitro-9H-carbazole

Cu(NOs3),-2.5 HyO (14.5 g) was added into a mixture of acetic acid (25 mL) and acetic anhydride
(50 mL) in a round bottle at room temperature. The mixture was stirred for 10 min, and then added
carbazole (8.36 g) in. 25 mL of acetic acid was added afterwards. The mixture was stirred for 15 min
and then poured into 500 mL water. The precipitate was collected by filtration and then dissolved in
100 mL KOH (20%). The solution was collected by filtration, and then 50 mL HCl (37%) was added
into it to get precipitate. The precipitate was collected by filtration and washed by water. It was dried
at 100 °C under vacuum. The yield was 8.0 g (52%). H NMR (500 MHz, CDCl3): $9.39 (d, ] = 2 Hz,
2H), 8.43 (dd, ] =2 Hz, ] =9 Hz, 2H), 7.82 (d, ] =9 Hz, 2H).

2.1.2. Synthesis of 3,6-dinitro-9-(4-nitrophenyl)-9H-carbazole

3,6-dinitro-9H-carbazole (0.257g) and cesium fluoride were added into 0.155 g of
1-fluoro-4-nitrobenzene in a round bottle under nitrogen atmosphere. Dry DMF (4 mL) was added
afterwards. The mixture was stirred at 150 °C under nitrogen for one day and then cooled to room
temperature. It was poured into 50 mL solution (water:methanol = 1:1). The precipitate was collected
by filtration and then successively washed with water, KOH (20%), and methanol. The solid was dried
at 150 °C under vacuum. The yield was 0.26 g (crude product).
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2.1.3. Synthesis of 9-(4-aminophenyl)-carbazole-3,6-diamine

3,6-dinitro-9-(4-nitrophenyl)-9H-carbazole (1.89 g), tin (2.97 g) and HCI (37%, 50 mL) were mixed
in a round bottle and stirred at 100 °C for one day. It was cooled to room temperature and then poured
into 250 mL NaOH (20%) in an ice bath. The precipitate was collected by filtration and then washed
by water, dissolved in ethyl acetate (EA). The remaining water in the EA solution was removed by
MgSOy. The mixture was purified by column chromatography (EA). It was poured into hexane slowly.
The precipitate was collected by filtration and then dried at 100 °C under vacuum. The yield was 0.67 g
(47%). '"H NMR (500 MHz, CDCl3): § 7.11 (d, ] = 2 Hz, 2H), 7.07 (d, ] = 8.5 Hz, 2H), 6.92 (d,] =9 Hz,
2H), 6.72 (d,] = 8.5 Hz, 2H), 6.66 (dd, ] = 2 Hz, ] = 8.5 Hz, 2H), 5.23 (s, 2H), 4.65 (br, 4H). MS (ESI+):
calculated 288.1375, found 289.1456.

2.1.4. Synthesis of tris(2-fluoro-4-nitrophenyl)amine

2-fluoro-4-nitroaniline (0.781 g), 1-bromo-2-fluoro-4-nitrobenzene (2.42 g), Cul (0.19 g), K,CO3
(4.14 g), L-proline (0.23 g), and tetrahydrofuran (THF) (50 mL) were mixed and stirred at 80 °C for
one day. It was cooled to room temperature and then poured into 300 mL water. The precipitate
was collected by filtration and then washed by water, dissolved in EA, and then dried by MgSOj.
The mixture was purified by column chromatography (hexane). The yield was 1.8 g (83%). 'H NMR
(500 MHz, CDCl3): $7.98 (dd, ] =2.5Hz, ] =8 Hz,3H),7.93 (dd, ] =1 Hz, ] = 2.5 Hz, 3H), 7.76 (dd,
] =6.5Hz,] =9 Hz, 3H).

2.1.5. Synthesis of tris(2-fluoro-4-aminophenyl)amine

tris(2-fluoro-4-nitrophenyl)amine (1.736 g), tin (2.374 g), and HCl (37%, 40 mL) were mixed and
stirred at 100 °C for 1 day. It was cooled to room temperature and then poured into 250 mL NaOH
(20%) in an ice bath. The precipitate was collected by filtration and then washed by water and then
dried under vacuum. The yield was 1.2 g (87%). H NMR (500 MHz, CDCl3): § 7.22 (d, ] = 8 Hz, 3H),
6.43 (dd, ] = 2.5 Hz, ] = 10.5 Hz, 3H), 6.33 (dd, ] = 2.5 Hz, ] = 9 Hz, 3H), 3.75 (br, 6H). MS (ESI+):
calculated 344.1249, found 345.1510.

2.1.6. Synthesis of 4,4’-(5-oxido-5-phenylbenzo[b]phosphindole-3,7-diyl)dibenzaldehyde

3,7-dibromo-5-phenylbenzo[b]phosphindole 5-oxide (0.936 g), (4-formylphenyl)boronic acid (0.899
g), Nay,CO3 (2.544 g), Tetra-n-butylammonium bromide (0.026 g), Pd(PPh3)4 (0.111 g) were mixed
together and kept in N; atmosphere. Toluene (40 mL) and water (10 mL) were added afterwards.
The mixture was stirred at 120 °C for 2 day and then cooled to room temperature. Product was
extracted by EA. It was washed by ethanol and dried under vacuum. Yield was 0.2 g (20%). 'H NMR
(500 MHz, CDCl3): 6 10.04 (s, 2H), 7.93-8.00 (m, 8H), 7.89 (td, ] = 1.5 Hz, ] = 8 Hz), 7.69-7.76 (m, 6H),
751 (t,J=7Hz),741 (td,] =7.5Hz, ] =3 Hz, 2H).

2.1.7. Synthesis of PCzPO

4,4’-(5-oxido-5-phenylbenzo[b]phosphindole-3,7-diyl)dibenzaldehyde (0.145 g), acetic acid (0.607
g), 9-(4-aminophenyl)-carbazole-3,6-diamine (0.058 g), mesitylene 6 mL, and dioxane 6 mL were mixed
and done freeze-pump-thaw method. The mixture was stirred at 120 °C, 0.1 atm for three days and
then cooled to room temperature. It was washed by acetone and dried at 120 °C under vacuum for
12 h.

2.1.8. Synthesis of PNoFPO

4,4’-(5-oxido-5-phenylbenzo[b]phosphindole-3,7-diyl)dibenzaldehyde (0.145 g), acetic acid
(0.607 g), tris(2-fluoro-4-aminophenyl)amine (0.069 g), mesitylene 6 mL, and dioxane 6 mL were
mixed and done freeze-pump-thaw method. The mixture was stirred at 120 °C, 0.1 atm for three days
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and then cooled to room temperature. It was washed by acetone and dried at 120 °C under vacuum
for 12 h.

2.2. Hydrogen Evolution Experiments

The polymer powder (3 mg) and 90 uL HpPtCle (0.1 wt% in water) was added into the mixture
(water, triethylamine, and methanol (1:1:1)) in a glass with a cool jacket, sealed by septum. The mixture
was sonicated and degassed by Ar bubbling. The suspension was illuminated with 350 W Xe-lamp
(1000 W/m?, 380 nm~780 nm). Hydrogen samples were taken with a gas-tight syringe and injected in a
Shimadzu GC-2014 gas chromatograph, with Ar as the carrier gas. Hydrogen was detected with a
thermal conductivity detector, referring to the standard hydrogen gases with known concentrations.
Increased pressure from the evolved hydrogen is neglected in the calculations.

2.3. Computational Details

All density functional calculations were conducted using the Gaussianl6 package [19].
Three-dimensional models of the PCzPO and PNoFPO D-A moiety were built using Avogadro
molecular editing software [20] and preoptimised using molecular mechanics forcefield (MMFF) [21].
Exchange and correlation were treated using the B3LYP hybrid functional, composed of 20% exact
Hartree—-Fock exchange [22]. Geometry optimisations were performed using the 6-31 g(d) basis set.
Frequency analyses were performed to confirm that the optimised structures correspond to the true
minimum in the potential energy surface. Single point energy and frequency calculations were then
performed using the 6-311 g(d,p) basis set to calculate the Gibbs free energies. These computational
approaches have been extensively used to study polymer photocatalysts and are shown to consistently
reproduce experimental orbital energies at a reasonable computational cost [15,23-26]. The average
proton binding free energies (AGypy;) were calculated as follows

AGyy = GH+/Polymer - GPolymer - (1/2)GH2 (1)

where Gp/polymer, Gpolymer, and Gy, are the calculated Gibbs free energies of the protonated D-A
moiety, the bare D-A moiety and the free hydrogen molecule, respectively. Finally, atomic charge
distributions were calculated using the Mulliken population analysis.

3. Results and Discussions

3.1. Experimental Characterisation and HER Performance

In this study, we successfully synthesised PCzPO and PNoFPO via Schiff-base condensation.
The polymers were poorly soluble in any solvent because of their large molecular weight. The polymers
could only be dispersed in an aqueous solution as a suspension. We examined the photophysical
properties of both polymers, using UV-vis absorption and photoelectron spectroscopy. The two
polymers showed strong absorption bands around 330-337 nm, as summarised in Table 1. The onset of
UV-vis absorption of PNoFPO was blue-shifted (Figure S1), compared to that of PCzPO, due to the
electronegative fluorine substitution at the ortho sites of the donor group [27,28], bringing about a
larger optical gap (3.03 eV in Table 1). Higher planarity of PCzPO with more extended 7 conjugation
and more propensity to stack together led to a narrower optical gap (2.74 eV in Table 1).
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Table 1. UV-vis absorption peaks, HOMO/LUMO energy levels, optical gap and hydrogen evolution
rate (HER rate) using PCzPO and PNoFPO D-A polymers.

Absorption Peaks HOMO/LUMO . ¢ HER Rate
Polymer [nm] [eV] &P Optical Gap [eV] [umol h-1g-1]4
PCzPO 334, 357 —5.59/-2.85 2.74 34.23
PNoFPO 342, 368 -5.87/-2.84 3.03 7.34

2 HOMO was measured by a photoelectron spectrometer (model AC-2). ® LUMO was calculated by HOMO
+ Optical gap. © calculated from UV-vis absorption. 9 3 mg polymer in 10 mL mixture (water, triethylamine,
and methanol (1:1:1)). 3 wt% H,PtCly was added.

Next, we added the polymers into an aqueous mixture and tested the hydrogen evolution
performance. Ar was chosen as bubbling gas because there was no hydrogen evolution using N,
atmosphere. It showed that the hydrogen evolution rate of PCzPO was almost five times that of
PNOoFPO. This could be explained by the lower optical gap of PCzPO, resulting in more opportunities
to absorb light energy for HER. Other factors, such as solubility [29,30] and reaction mechanism [17]
might also affect HER performance. In the proceeding sections, we specifically analyse their frontier
molecular orbitals and explore HER mechanisms using DFT calculations.

3.2. Density Functional Theory Calculations

To simplify the polymer models and exclude complicated configuration effects, we used a single
PCzPO and PNoFPO D-A moiety for DFT calculations. We analysed their electron density distribution
of molecular orbitals, their free energy of proton binding and their free energy of activation for both
intramolecular and intermolecular H, formation, demonstrated in previous studies [10,17,26].

We computed the difference between the energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) to predict the capability of the polymer
to absorb photons as photocatalysts. The DFT calculated HOMO-LUMO gaps (Figure 2) for PCzPO
(2.48 eV) and PNoFPO (2.42 eV) are inconsistent from the measured experimental optical gaps listed
in Table 1. In general, the experimental optical gap, which is a better indicator of photon absorption
efficiency normally differs from the HOMO-LUMO gap by an amount called the exciton binding
energy [31]. In addition, realistic extended chains of polymers might affect HOMO-LUMO gaps due to
extended 7 conjugation and interchain stacking or clustering, which were not taken into consideration
in our simulation model.

In the donor-acceptor type conjugated polymer, the photoexcitation of the electron in the orbital
(HOMO) involves an intramolecular charge transfer from the donor group to the acceptor group.
To demonstrate this, the electron density distributions of the frontier orbitals of both polymers were
analysed and shown in Figure 2. For both PCzPO and PNoFPO, the electron density for high-lying
occupied molecular orbitals is concentrated on the donor group while that of the low-lying unoccupied
molecular orbitals is concentrated on the acceptor group. Thus, when the electrons in the HOMO is
excited to the LUMO, the electron is indeed transferred from the donor group to the acceptor group.

Photocatalytic HER involves (i) the photoexcitation of the neutral polymer catalyst (P), (ii) the
electron transfer from a sacrificial donor to P, (iii) the proton (H*) binding to P and (iv) the reduction of
the H" and the formation of hydrogen (H,) and recovery of P. Although the actual order of the first
three steps is not very clear, we assume herein that the first two steps happen before the proton binding.
Figure 3 shows the schematic representation of the first two steps culminating in the formation of an
anion radical intermediate form (P*") of the polymer catalyst. To justify this assumption, we compared
the binding free energy of a proton (AGg ) to the phosphorous oxide of the neutral catalysts and the
reduced catalysts. Predictably so, the binding free energies of H* to the reduced polymers (2.96 and
3.02 eV) were almost twice as thermodynamically favourable than those to the neutral polymers (5.93
and 5.95 eV) for PCZPO and PNoFPO D-A moiety, respectively (in Table 2). This makes it reasonable
to assume that the formation of the unstable P** precedes the binding of H* and may be the driving
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force for faster H* binding and overall HER. Thus, in contrast to previous theoretical calculations
that bind H* to the neutral catalyst, P [10,26], the proceeding calculations in this work goes with the
assumption that H* binds to P*". Furthermore, due to the accumulation of electrons in the acceptor
group, as explained above, H* will most probably bind to the negatively charged acceptor group
atoms due to electrostatic interaction. In addition, the similar proton binding free energies to P or P*
correlate with the similar LUMO levels of PCZPO and PNoFPO D-A moieties.

PCzPO PNoFPO

LUMO +2

LUMO+1

LUmMmoO

HOMO

HOMO-1

HOMO-2

LUMO-HOMO
(eV)

Figure 2. 3D electron density distribution of the frontier orbitals of PCzPO and PNoFPO D-A moieties,
computed at the B3LYP/6-311G(d,p) level of theory. Energy levels (eV) of each orbital is shown in green,
and the HOMO-LUMO gaps are shown at the bottom of each column.

2.48 2.42

i) P> P* ii) P* + e > P+

- L
W e W

‘.'.‘

Danor B

Figure 3. Schematic representation of the formation of P*".

Table 2. Proton binding free energy (AGyy) for neutral and negative PCZPO and PNoFPO D-A moieties
with H bound to the O atoms of PO groups of acceptor groups, computed by density functional

theory (DFT).
Polymer Catalyst Proton Binding Free Energy (eV)
P +H* - PH* P*- + H* - PH
PCzPO 5.93 2.96

PNoFPO 5.95 3.02
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The frontier molecular orbitals (in Figure 2) show that H* might bind to acceptor atoms where
photoexcited electrons are localised. Since PCzPO performed better in the experiment, we began
with the PCzPO for a detailed exploration of H* binding and H, formation mechanisms. First,
the frontier molecular orbitals of the PCzPO®" before and after protonation were analysed and depicted
in Figure 4. The HOMO of PCzPO*" was similar to the LUMO of the neutral PCzPO (first column in
Figure 2), except for the increased energy levels brought by spin and charge destabilisation and the
new HOMO containing the radical corresponds to the LUMO of the neutral PCzPO. The H* binding
neutralises the excess charge, which makes the molecular orbital energy levels of H-PCzPO® lower
compared to PCzPO*. In addition, the frontier molecular orbitals of neutral PCzPO and H-PCzPO*
were similar, apart from the HOMO-2 molecular orbital. For H-PCzPQO?®, the electron density was
concentrated on the phosphindole group to which the proton was bound. This was a new orbital
formed through the interaction with the bound H*. Figure 5 shows the simplified molecular orbital
diagram, which summarises the transfer of electron observed in Figure 4. The incoming H" interacted
with the HOMO of PCzPO*" to form H-PCzPO?®, where a new bonding orbital contributed by the H
atom was formed. This is a simplified interpretation since it is possible for orbitals to mix and many
different molecular orbitals to interact with H". But what is important is that H* gained electron
density while the LUMO of PCzPO (HOMO of PCzPO*") became empty again. Thus, there is a clear
electron transfer from the donor group atoms to the bound H*.

HPCzPO*

LUMO +2

LUMO+1

LUMO

HOMO

HOMO-1

HOMO-2

Figure 4. 3D electron density distribution of the frontier orbitals of PCzPO*" and H-PCzPO?* calculated
under DFT-B3LYP/6-311G(d,p) level of theory.

The Mulliken charge of PCzPO*" was analysed to explore the various possible H* binding sites.
The most negatively charged atoms of PCzPO were labelled accordingly in Figure 1 and listed in
Table 3. In a previous DFT study of D-A polymers [10], electronegative heteroatoms were assumed as
binding sites due to charge considerations. However, as seen in Table 3, even though N1 was one of
the most negatively charged atoms, the H" binding to this site is the least favourable. This is because
N1 is part of the donor PO group where the HOMO of PCzPO*®" intermediate has no electron density.
Thus, we posit that besides overall electron density, the electron density of the HOMO is crucial in
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predicting H* binding sites and further support the deduction of H" being expected to bind to atoms
of the acceptor group in a donor-acceptor type conjugated polymer.

L]
s "TVag,
Taagy,
L ]

=
H
_H_

“
“
*

PCzPO* H-PCzPO® H*

Figure 5. Molecular orbital diagram of the binding of a proton to PCzPO*".

Table 3. Mulliken charge analysis and H* binding free energy (AGy.) of different binding sites and
configurations on PCZPO* moiety, computed by DFT.

Site Configuration = Mulliken Charge AGgh4 (eV)
a * 0417 283
b 2.98
e -+ ~0.412 290
b 2.99
C3 —0.382 3.07
@) -0.593 297
N1 —0.593 4.37

Since phosphorous is the least electronegative atom for the polymer catalyst, atoms directly
bonded to it become negatively charged due to induction, making them preferred sites for H* binding.
As depicted in Figure 1, the phosphorous atom of the P = O group is bonded to 3 carbon atoms
(C1 to C3) and an oxygen atom (O). C1 and C2 are the carbons of the phosphindole group with C2
being close to the acceptor group while C3 is the carbon of the phenyl group. Table 3 shows that H*
bound more strongly to C1 and C2 than to O. The binding of H* to C1 and C2 led to various possible
configurations, as shown in Figure 6. The more stable configurations, Cla and C2a, were generated
when H* binds from the top, along the plane of the phosphole ring. In this configuration, the bond of
C1 or C2 to the phosphorous was broken to open up the phosphole ring. This allows the C1 or C2 to
maintain sp? hybridisation and maintain the extended 7 conjugation of the molecule. But H* may
also bind perpendicular to the plane of the phosphole ring (C1b and C2b in Figure 6). This does not
break the bond to phosphorous but is less stable because it converts the carbon binding site to an sp®
hybridised tetrahedral centre, thus, breaking the planar configuration of the ring and interrupting the
7t conjugation. We note that the difference in H* binding energies for proton binding onto the three C
and the O site was very small (<0.2 eV) as seen in Table 3. This means that the H* may realistically
bind to any of these sites to form H-PCZPO?®. In fact, H" may very well bind to sites other than the
ones discussed here since the charges of the C atoms along the P = O acceptor group (not shown here)
did not differ significantly. However, for practicality, we proceeded with the assumption that these
sites are the most probable H* binding sites.
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C2b
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Figure 6. Possible configurations of proton binding onto C1 and C2.

To study the last step of the hydrogen evolution reaction where Hj is finally formed and the initial
neutral polymer is recovered, two possible reaction mechanisms were considered. In an intramolecular
reaction mechanism, a single P-H*® will undergo the above-described protonation process again and
bind another proton in a different site to form an H2-PCzPO intermediate before releasing the product:
P-H; — P + H,. In an intermolecular mechanism, two H-PCZPO® molecules will react to form the
hydrogen molecule: 2 P-H — 2 P + H,. The minimum energy paths (MEP) of these two reaction
mechanisms were calculated.

In an intramolecular reaction mechanism, the P-H® molecule would be reduced and protonated
for a second time to form a P-H; intermediate. For simplicity, it was assumed, based on the results
discussed above, that the first proton would bind to C1. As shown in Figure 7, two possible P-H; states
were then considered leading to two possible intramolecular mechanisms: (i) the second H+ binds to
C2 (C1-H-C2-H) and (ii) the second H* binds to O (C1-H-O-H). C1-H-C2-H was more stable compared
to C1-H-O-H. However, this results in the higher activation energy for the C1-H-C2-H pathway
(Ea = 1.16 eV, black line in Figure 7) compared to the C1-H-O-H mechanism (E, = 0.66 eV, the red line
in Figure 7). This means that the H, formation would proceed faster through the C1-H-O-H mechanism
from a kinetic perspective. Thus, H, formation on PCzPO will likely proceed through an intramolecular
mechanism after overcoming the barrier of 0.66 eV. We also elucidated the intramolecular H, formation
using PNoFPO to show that PNoFPO indeed generated a very similar reaction coordinate and barrier
(0.61 eV) to PCzPO moiety (Figure S3).

To study the intermolecular mechanism, a reaction between two molecules of H-PCzPO* with
the most stable configuration, Cla (AGy = 2.83 eV), was initially chosen as the starting structure.
However, the optimisation of two H-PCzPO® moieties with Cla configurations led to the formation of
a phosphorous-phosphorous bond which inhibited the interaction of the H atoms and H; formation
(Figure S4). Because of this, Clb configuration was chosen as a starting structure to find the MEP
for the formation of Hy. The calculated reaction coordinate for this mechanism (Figure 8) shows a
hydrogen formation reaction with activation energy (E;) equal to zero. This implies a barrierless and
spontaneous (AG = —0.116) formation of H, through this intermolecular reaction mechanism. However,
it is important to note that the two P-H molecules needed to be oriented such that the hydrogens
involved in the reaction are closely pointed to each other, implying that intermolecular H, formation is
only likely to occur when the repulsion between polymers is low. The higher HER rate from the higher
molecular stacking of PCzPO polymers might be possibly due to the higher possibility of forming Hj
via an intermolecular reaction mechanism.
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Figure 7. Energy diagram of intramolecular Hy formation using the PCzPO D-A moiety model
protonated at C1 and C2 (red line) and C1 and O (black line), computed by DFT.
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Figure 8. Energy diagram of intermolecular H, formation using two protonated PCzPO D-A moiety
models, computed by DFT.

4. Conclusions

In this work, we have successfully synthesised two novel donor-acceptor (D-A) type conjugated
polymer photocatalysts, PCzPO and PNoFPO. Optoelectronic properties of the polymers were
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characterised both experimentally and using density functional theory calculations. From the
perspective of electronic structures, the measured optical gap of PCzPO was lower than that of PNoFPO
by UV-vis absorption, which is inconsistent with the similar HOMO-LUMO gaps of PCzPO and
PNoFPO D-A moieties, computed by DFT. This discrepancy might be associated with better-extended
7t conjugation and potential intermolecular stacking brought about by the more planar nature of the
carbazole group of PCzPO compared to the triphenylamine group of PNoFPO; these structural effects
were not considered in DFT D-A moiety models. Because of the intermolecular stacking of carbazole
groups, leading to longer conjugation and higher electron transporting capability, PCzPO outperformed
PNoFPO in HER performance. Further DFT analysis of the PCzPO model was then performed to
investigate the details of H* binding, reduction and H; evolution mechanisms. First, it shows that
the more natively charged C and O atoms of the phosphindole analogue acceptor group are the
primary protonation sites. Secondly, we deduce that H, formation is likely taken place through an
intramolecular reaction with similar activation energies of 0.6-0.7 eV for both PCzPO and PNoFPO.
Though the intermolecular reactions to form Hj is almost barrierless, this pathway is expected to
occur when the repulsion between polymers is low. Presumably, the higher intermolecular stacking
of PCzPO D-A polymers leads to a higher possibility of occurrence of intermolecular H, formation.
Finally, from our experimental and DFT results, we highlight that the extended configurations of D-A
conjugated polymers could be the crucial factor leading to higher HER rate while the donor structure
determines the mechanisms involved in transforming H* to H,. The detailed electron push-pull
interactions of adding heteroatoms in either acceptor or donor groups on HER performance will be
studied in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/20/7017/s1,
Figure S1: UV-vis absorption spectra of PCzPO and PNoFPO D-A polymer, measured in Dicholoromethane
Figure S2: Hydrogen evolution profile of PCzPO and PNoFPO using visible light for polymers (5 mg catalyst in
10 mL mixture (water: MeOH: triethylamine = 1:1:1), 1000 W/m?, 380 nm-780 nm, 90 uL H,PtCly (1M) was added).
Figure S3: Energy diagram of intramolecular H, formation using PCzPO (left) and PNoFPO (right) D-A moiety
models, computed by DFT. Figure S4: Formation of a phosphorous-phosphorous bond (P atoms are shown as
orange spheres and the bond is shown as an orange line) preventing the interaction of bound H atoms (highlighted
in light blue) for a complete hydrogen evolution, computed by DFT.
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