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Abstract. We analyze the photocatalytic activity of heteroatom containing linear conjugated
polymers for sacrificial hydrogen evolution using a recently proposed photocatalytic cycle.
We find that the thermodynamic barrier to electron transfer, relevant both in the presence
and absence of noble metal co-catalysts, changes with polymer composition, reducing upon
going from electron-rich to electron-poor polymers, and disappearing completely for the
most electron-poor polymers in a water rich environment. We discuss how the latter is
probably the reason why electron-poor polymers are generally more active for sacrificial
hydrogen evolution than their electron-rich counterparts. We also study the barrier to
hydrogen-hydrogen bond formation on the polymer rather than the co-catalyst and find that
it too changes with composition but is always, at least for the polymer studied here, much
larger than that experimentally reported for platinum. Therefore, it is expected that in the
presence of any noble metal particles these will act as the site of hydrogen evolution.

hi

1 Introduction

Carbon-free fuels may be of great importance in helping reduce the impact of global
warming. Molecular hydrogen is widely considered to be a promising alternative fuel source
as only water is produced upon combustion in a boiler, combustion engine or fuel cell. As a
result of this a great deal of work is being undertaken to find cheap, sustainable, and
environmentally friendly ways of producing hydrogen, not to mention ways of storing it
efficiently.

One possible synthetic route for molecular hydrogen is through photocatalytic water
splitting. Here one takes advantage of the natural abundance of solar energy, 885 million
terawatt-hours of energy in the form of sunlight reaches the earth’s surface per year
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according to the International Energy Agency,! and in the simplest terms only needs water,
light and the photocatalyst to sustainably produce molecular hydrogen and oxygen.
Commonly, crystalline inorganic solids are employed as the photocatalyst.4 However, in
recent years dispersions and films of organic materials and specifically conjugated
oligomers/polymers, such as conjugated linear oligomers and polymers,>-15> covalent organic
frameworks6-20 and carbon nitride?!-23 to name but a few, have also been shown to act as a
photocatalyst for hydrogen and/or oxygen evolution. Often this activity is reported in the
presence of sacrificial agents, which get oxidized (hydrogen evolution) or reduced (oxygen
evolution) instead of water, but there are now also a number of studies reporting polymeric
materials that are active for the overall splitting of water.23-28 The interest in polymeric
photocatalysts has been mainly driven by the relative ease by which the specific properties
of the material can be tuned, though co-polymerization and functionalization, the fact that in
the presence of solubilizing side-chains the polymers are solution processable, as well as the
fact that the constituent elements are typically earth-abundant. Often noble/transition metal
co-catalyst particles, such as Pd or Pt, are also present in or on the polymer. These co-catalyst
particles may be intentionally added or may remain from the catalyst used to synthesize the
polymer, which can be difficult to remove post-synthesis. It has been reported?2? 30 that the
evolution of hydrogen dramatically increases as a function of Pd content with essentially no
hydrogen being evolved for Pd concentrations less than 1 ppm. Despite this, there are
reports in the literature of hydrogen evolution from organic materials that contain negligible
noble metals or have been synthesized in metal-free pathways.31.32

The evolution of molecular hydrogen using polymeric photocatalysts is believed to occur
with the exciton, formed through photoexcitation, driving one of the solution half-reactions
and the remaining electron/hole the other. As a result of the typically large exciton binding
energy in organic materials,33 excitons, or at least excitons generated with light absorbed
near the absorption onset of a material and hence with little excess energy, do not
spontaneously dissociate to free electrons and holes in particles/films of conjugated
polymers. Transient absorption spectroscopy has been used to confirm the presence of
electron/electron polarons in polymeric photocatalysts under operating conditions,? 11, 34
suggesting that the exciton drives the transfer of an electron between a sacrificial electron
donor (SED) and the polymer, which subsequently drives the reduction of protons.
Previously, we used computational chemistry to explore a potential photocatalytic cycle for
hydrogen evolution using poly(p-phenylene) as a prototypical linear conjugated
photocatalyst and triethylamine (TEA) as the SED.3> There a thermodynamic barrier was
observed for the one-electron transfer step from TEA to the photoexcited P1 species when
the calculations were performed in a low-dielectric environment akin to the likely
experimental conditions for P1. As P1 is considerably hydrophobic the experimentally used
mixture of TEA, methanol and water phase segregates at the microscale, enriching the local
environment of the polymer particles in TEA and depleting it in water.” This thermodynamic
barrier would persist even in the presence of a noble metal co-catalyst, the likely site of
hydrogen formation in the presence of any noble metal,35 which could help explain, besides
the fact that P1 absorbs little of the visible spectrum, why P1 is a relatively poor hydrogen
evolution photocatalyst.

Here we extend our study of the photocatalytic cycle to electron-rich and electron-poor
polymers in an attempt to shed light on the varying hydrogen evolution rates of these
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materials observed experimentally.> 6.8 We investigate this cycle not only in thermodynamic
terms but also pay considerable attention to the hydrogen formation barriers in the absence
of a noble metal co-catalyst.

2 Computational Details

2.1 Computational Models

Each polymer of interest is modeled as a single oligomer containing 8 individual sub-units,
the smallest repeat unit of each polymer of interest is shown in figure 1. The naming of the
polymers, e.g. P1 for poly(p-phenylene), is that used in the experimental literature.> 68 The
oligomers were generated systematically from the relaxed scan around the dihedral
coordinate of the dimer, ensuring a low-energy conformation was found for each. The
oligomers are then embedded in either water or TEA, to approximate the environment of the
polymer near the interface between the polymer particles/film and water or TEA. The effect
of the solvent on the oligomers is simulated by an implicit polarizable continuum model
(PCM), which recovers the main dielectric effect of solvation on the properties of the
oligomers, whilst only slightly increasing the computational cost of the calculation. This
simplistic model has been used in previous studies to predict potentials of charge carriers
and exciton species in organic conjugated polymers, and found to agree well when compared
to available experimental photoelectron spectroscopy,!! 3¢ and in the aforementioned P1
study.3>

electron-rich electron-poor

Figure 1: Smallest repeat unit of the various polymers of interest, where the number of repeat
units used within each oligomeric model is varied such that the total number of thiophene,
phenyl, pyridine and pyrazine building-blocks present in an oligomer equaled eight, polymers
labeled P1 to P31.
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2.2 Density Functional Theory

All density functional theory (DFT) calculations are performed with Gaussian 16 (Revision
A.03).3739 As described above each oligomeric model of a polymer is embedded in a
polarizable continuum model,*%-42 specifically the integral equation formalism (IEF)-PCM,43
matching the dielectric constant (€) of either water (e = 78.36) or TEA (e = 2.38). For the
prediction of excited state properties, we utilize the linear response, time-dependent (TD),
extension to DFT (TD-DFT).#* All relevant structures were confirmed as minimum energy
arrangements on the multi-dimensional potential energy surface via computation of the
Hessian matrix, subsequently ensuring positive curvature of each vibrational modes, with
the exception of the predicted transition state structures which had negative curvature along
one mode pertaining to the reaction coordinate. All energy differences considered herein,
unless otherwise stated, are adiabatic meaning that the geometry of the polymer is
optimized for the specific electronic state of interest, and in equilibrium with the external
reaction field. This is not the case for the predicted absorption spectra as this is considered
a vertical process, due to the differing timescale of electron and nuclear motion, for which a
non-equilibrium approach, which only considers the rapid solvent polarization from the shift
in electron density, is used. All transition states were validated through intrinsic reaction
coordinate (IRC) calculations, following both the forward and reverse direction of the
transition vector and subsequently performing a geometry optimization.*> In some instances
IRC calculations were not possible, in which case the reaction profile was validated by
manual displacement of the imaginary mode, once again optimizing these displaced
structures. The B3LYP#6-48 and CAM-B3LYP4? exchange-correlations functionals were used
with Dunning’s triple-{ basis set, cc-pVTZ.50 51 In all calculations dispersion interactions
were included through Grimme’s D3 dispersion correction.>2 With the exception of vertical
excitation energies and subsequent comparison to these, which are in terms of electronic
energies, all values provided are in terms of free energies obtained from standard ideal gas,
rigid rotor and harmonic oscillator statistical models to the translational, rotational and
vibrational energy levels of the species at 298 K. No free energy standard state corrections
were included as these corrections would be small and only be relevant for TEA, when in the
TEA extremum, and water, when in the water extremum, or when the number of reactant
and product molecules differ. Unless explicitly stated otherwise, all values discussed herein
are predicted using B3LYP/cc-pVTZ. Values predicted using CAM-B3LYP are provided in the
accompanying supporting information.

3 Results and Discussion

3.1 Cycle Overview

As mentioned previously, in an earlier publication3> we investigated a possible
photocatalytic cycle involving the overall oxidation of TEA to diethylamine (DEA) and
acetaldehyde (MeCHO) in the presence of water, culminating with the formation of
molecular hydrogen. In this previous work we focused on the conjugated linear polymer
poly(p-phenylene), P1, as the catalytic light-harvesting material and proposed cycles in the
absence and presence of a noble metal co-catalyst. Here we build on this previous work and
investigate the proposed photocatalytic cycles when the electronic character of the polymer
changes to electron rich, after substitution of phenyl monomers for thiophene, or electron
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poor, after insertion of pyridine or diazine monomers. See figure 1 for all the polymers of
interest (x) and the nomenclature used.

(a) In the absence of a metal co-catalyst (b) In the presence of a metal co-catalyst
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Figure 2: The proposed hydrogen evolution photocatalytic cycles in the absence (a) and
presence (b) of a noble metal co-catalyst, when using triethylamine as the initial sacrificial
electron donor. Step A, B, C and D are the same for both sub-cycle I (red) and II (blue).

The overall metal-free cycle can be decomposed into two connected sub-cycles, sub-cycle |
which involves the initial sacrificial electron donor, TEA, and sub-cycle Il which involves the
dehydrogenated TEA radical, TEAR®, a product of sub-cycle I. These sub-cycles have been
illustrated in figure 2. In both sub-cycles the first step, step A, is photoexcitation of the
polymer, resulting in the formation of a localized S» exciton, where n represents an
electronically excited state with a non-zero oscillator strength, on the organic material
which, due to Kasha'’s rule, would rapidly internally convert to the S1 state, subsequently
relaxing to a lower-energy S1 minimum energy geometry (x*). As the exciton binding energy
(EBE) in these materials typically far exceeds the thermal energy available at room
temperature (EBE > kpT)33 the photogenerated exciton normally remains bound and does
not spontaneously fall apart to free-charge carriers. Instead, the exciton can accept an
electron (electron transfer, ET) from either TEA, step B1, or TEAR®, step B2, resulting in the
formation of an electron/electron-polaron polymeric species (x°~). Subsequently, proton
transfer (PT) from either the one-electron oxidized TEA, TEA™ in step C1, or one-electron
oxidized TEAR®, TEAR" in step C2, to x*~ can take place, ultimately resulting in the formation
of a hydrogenated polymer (x-H"). The cycle culminates with the formation of one molecule
of molecular hydrogen for every two hydrogenated polymers generated. These
hydrogenated polymers may originate from sub-cycle I and/or sub-cycle II, even if
stoichiometry dictates that on average a molecule of hydrogen should form from one
hydrogenated species from each sub-cycle. Therefore, in the thermodynamic analysis we
assume that half a molecule of molecular hydrogen is produced upon completion of each sub-
cycle, step D. The sequential electron and proton transfer steps in each of the sub-cycles can
also in principle occur synchronously, step E, resulting in the transfer of a hydrogen atom in



one step to the photoexcited polymer, i.e., proton-coupled-electron transfer or hydrogen
atom transfer, as explored in the case of water oxidation by Domcke and co-workers.53

The proposed catalytic cycle in the presence of a noble metal co-catalyst is similar to its
counterpart in the absence of metal, with ET following photoexcitation and relaxation of the
polymer, which can once again happen from either TEA or TEAR". The major difference
between the two cycles is that instead of hydrogenating the polymer directly, the x*~ species
transfers an electron to a noble metal particle, such as Pt, which then acts as the catalytic site
for molecular hydrogen formation.

3.2 Free Energy Profiles

We begin with an exploration of the predicted free energy profile of sub-cycles I and II. The
free energy profiles for oligomers of electron-rich polymers immersed in water and TEA are
shown in figures 3a and 3b, respectively. The equivalent free energy profiles for electron-
poor materials are shown in figures 3c and 3d. In all spectra the P1 profile is shown for
reference.
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Figure 3: The predicted free energy profiles for sub-cycle I and 11, left and right of the dashed
line respectively, for oligomers of electron-rich materials immersed in water (a) and
triethylamine (b), and for oligomers of electron-poor materials immersed in water (c) and
triethylamine (d). In all panels P1 has been added for reference (green diamonds). All values
are predicted using D3-B3LYP/cc-pVTZ and are relative to the neutral polymer and
triethylamine. For each oligomer the lowest-energy hydrogen adsorption site was used. The x-
axis labels omit any reference to triethylamine or the degradation products. See figure S10 for
values predicted using D3-CAM-B3LYP/cc-pVTZ.

All free energy profiles follow a somewhat similar trend with the initial ET process after
photoexcitation and photoexcitation itself, step B1 and A respectively, uphill in energy with
the rest of the steps downhill, except for electron-poor polymers immersed in water, where
the initial ET step is also thermodynamically favorable. To make this clearer the predicted
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free energy change for step B1 (AB1) and its B2 counterpart (AB2) in both environments are
shown in figures 4a and 4b, respectively. For electron-rich materials, step B1 is predicted to
be endergonic in water (AB1 > 0), with the degree of endergonicity increasing with the
relative thiophene content in the polymer and its adiabatic electron affinity (see figure S6
and table S5). In TEA, the initial ET step becomes even more unfavorable for electron-rich
polymers when compared to the high-dielectric water environment, with predicted AB1
values in excess of 1.5 eV (see Table S6). For electron-poor polymers, we instead predict that
step B1 is exergonic in water (AB1 < 0). However, just as for electron-rich polymers this step
is once again predicted to be endergonic in TEA. For all polymers ET from TEAR® is exergonic
(AB2 < 0), more so for electron-poor polymers and in the high-dielectric environment.

Figure 4: The predicted free energy difference for electron transfer to the photoexcited polymer
from triethylamine, AB1, (a) and dehydrogenated triethylamine, AB2, (b) within a dielectric
continuum representing water (blue triangles) and triethylamine (red circles). All values
predicted using D3-B3LYP/cc-pVTZ. See figure S11 for values predicted using D3-CAM-
B3LYP/cc-pVTZ.

After ET the next step of the catalytic cycle, in the absence of any co-catalyst, involves PT. For
each polymer we modeled various hydrogen adsorption sites, see figure S9 for an illustration
of these sites and tables S1 and S2 for the corresponding free energies. We only studied
hydrogen adsorption at the terminal units of each oligomer as in our previous work on P1
we found these to be the lowest free energy adsorption sites. Hydrogen adsorption on the
units in the middle of the P1 oligomer was predicted to be slightly less favorable yet similar
enough that the values determined for the terminal units are representative for hydrogen
adsorption on similar sites across the oligomer. For P1 the lowest free energy site was site
Cs3 in both environments. For electron-rich polymers the lowest free energy site was once
again predicted to be a carbon atom, site C1, with adsorption on the sulfur atom predicted to
upwards of 1.8 eV less favorable in free energy in both dielectric environments. Instead, for
electron-poor materials adsorption at the heteroatom, nitrogen, is the most favorable. For
example, in P31 hydrogen adsorption on the nitrogen atom is predicted to be 0.33 eV lower
in free energy than adsorption on the most favorable carbon atom, site C1, in both dielectric
environments. The PT free energies in the following discussion are calculated for the most
favorable hydrogen adsorption site of each oligomer, denoted by a green circle in figure S9.

For all polymers the PT step C1 is predicted to be exergonic, more so for electron-rich
polymers. Switching from the high-dielectric to low-dielectric environment results in a
drastic increase in the exergonicity of step C1, for P17 the free energy difference of step C1
was predicted to be -0.41 eV and -1.78 eV in water and TEA, respectively. As previously
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reported, this is due to the similar stabilization of the non-charged species in both
environments, therefore essentially gaining back the additional energy cost of the previous
ET reaction, B1, in TEA. An analogous situation is predicted for step C2, however, the
exergonicity is increased by approximately 0.1 eV when compared to step C1.

Up to this point, we have thought of ET and PT occurring sequentially. However, as discussed
in the introduction, ET and PT may occur synchronously, via the transfer of a hydrogen atom
to x*. The predicted free energy difference of steps E1 (AE1) and E2 (AE2Z) are shown in
figures S12 and S13 and in tables S5 and Sé. Step E1 is predicted to be exergonic for all
polymers and dielectric environments except for P17-water, with an AE1 of 0.11 eV.
However, when using the CAM-B3LYP functional step E1 is also predicted to be exergonic, a
rare qualitative difference in values predicted by B3LYP and CAM-B3LYP. For step E2 the
exergonicity is drastically increased when compared to step E1 as a result of the increased
reductant character of TEAR".

Finally, the formation of molecular hydrogen, step D, was found to be exergonic for all
polymers and dielectric environments.

3.3 Onset of light absorption

Compared to P1, both electron-poor and electron-rich polymers show, in line with what we
observed in previous work,% 8 a clear redshift of the onset of light absorption. This redshift
is most pronounced in the case of the electron-rich polymers with the S1 vertical excitation
energy (VEE) of P17 and P28 immersed in water predicted to be 2.07 eV and 3.02 eV,
respectively, compared with 3.51 eV for P1. The differences between the VEE in water and
TEA are minimal with the largest deviation of 0.06 eV for P31. See tables S5 and S6 for the
predicted S1 VEE of all the polymers.

3.4 Hydrogen formation barriers

In addition to the thermodynamic pathway and onset of light absorption by the polymers,
we also investigate the kinetic barrier to molecular hydrogen formation for the case where
the polymer rather than a noble-metal co-catalyst catalyzes the hydrogen bond formation
step. For this scenario we find for all polymers, using dimer oligomers as models, a transition
state (structure 2) linking the reactant and product species, the former being a stack of two
singly hydrogenated polymers (structure 1) and the latter the stack of two polymers and
molecular hydrogen (structure 3), see figure 5. The hydrogen formation barriers can be
predicted with respect to various hydrogen adsorption sites on the polymers, see figure S9
for the labels of the different sites where the outer units form the complete oligomer in this
reduced dimer model. Here, unless states otherwise, we present hydrogen formation
barriers relative to the lowest free-energy adsorption site for an oligomer, as discussed in
section 3.2.
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Figure 5: The predicted free energy reaction profile of hydrogen formation (structures 1-3) for
P17 (cyan double line), P1 (green dashed line), P24 (yellow solid line), P28 (purple dashed
double dotted line) and P31 (red dotted line) oligomers immersed in water, starting in all cases
from the most stable hydrogen adsorption site. The competing crosslinking reaction pathway
(structures 1-3”’) has also been provided for P1 and P31 immersed in water. All values predicted
using D3-B3LYP/cc-pVTZ, given in terms of eV and relative to two singly hydrogenated
polymers, structure 1. An illustration of the hydrogen formation pathway and the crosslinking
pathway are shown using P1 as an example.

For P1 in water a barrier height of 0.19 eV was predicted. This value is significantly lower
than that predicted in our previous work,3> which employed a rigid scan starting from a tail-
to-tail rather than a stacked arrangement. For electron-poor polymers the barrier heights
were predicted to be far larger, upwards of 0.92 eV when modeled within water. In addition
to the nitrogen heteroatom site in P31, we also considered barriers starting from hydrogen
adsorbed on carbon sites (see figure S14). This change in adsorption site results in a vast
reduction in predicted barrier heights for P31 in water. For example, the barrier for P31 in
water starting from hydrogen adsorbed on the Ci site is 0.33 eV, which is comparable to that
of P1. However, as adsorption on the carbon sites rather than the nitrogen sites in P31 and
other electron-poor polymers is, as discussed above in section 3.2, much less
thermodynamically favorable, there is an extra energetic penalty to pay. If one considers the
free energy difference between a stack of two polymers with hydrogen atoms adsorbed on
the nitrogen and Ci site, 0.73 eV in the case of the dimer used here and approximately twice
the value discussed above in section 3.2, then the effective barrier height when going via the
C1 site is 1.06 eV (0.73 eV + 0.33 eV), not that dissimilar from the barrier height directly
calculated for the nitrogen site (0.98 eV).

For P17 in water a barrier of 0.93 eV was predicted, despite once again involving a carbon
atom as the site of hydrogen adsorption. We also predicted the barrier height for P17 in TEA
and found it to be 0.91 eV. The minimal difference for the calculations in water and TEA is
expected as all species involved in the reaction profile are electronically neutral and
supports our choice to perform these calculations in only one of the two environments.

Hydrogen formation barriers for other polymers have also been predicted by other authors
in previous work using a similar computational setup.>4 55 Xiang et al. predicted hydrogen
formation barriers upwards of 1.54 eV for a series of electron-withdrawing, F, and electron-
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donating, methoxy, substituted benzothiadiazole units in various co-polymers.>> In these
calculations the hydrogen adsorption site was taken to be one of the nitrogen atoms in the
benzothiadiazole sub-unit. Araujo et al. predicted a barrier of 1.32 eV, once again involving
a benzothiadiazole based co-polymer and hydrogen adsorption on a nitrogen atom.>* Part of
the difference between the barrier heights for the similar substitution sites results from the
use of different functionals, Xiang et al. used ®wB97XD and Araujo et al. B3LYP. All barriers
predicted here, irrespective of the hydrogen adsorption site, were found to be lower than
those predicted for the donor-acceptor materials in these previous papers.

During the exploration of the hydrogen formation mechanism, a competing pathway was
observed starting from a stack of two hydrogenated polymers where, instead of molecular
hydrogen and two polymers, a structure with a covalent bond between the two polymer
strands (structure 3”") was formed, see figures 5 and 6, effectively crosslinking two polymer
strands. This competing reaction with a transition state (structure 2”’) which resembles
structure 1, is predicted to have in the case of P1 immersed in water a barrier height of 0.03
eV and is thus kinetically the most favorable pathway. Despite being kinetically favorable,
the hydrogen formation pathway (1—3) is still the most thermodynamically favorable
reaction, with hydrogen formation, free energy change -2.54 eV, predicted to be three times
more exergonic than crosslinking, free energy change -0.8 eV. The product of the kinetically
favorable crosslinking 1—+3” pathway may act as a hydrogen trap due to the predicted
barrier of 0.83 eV to revert to the non-crosslinked stacked structure 1, thereby inhibiting the
formation of molecular hydrogen. We also explored the crosslinking pathway for P31 in
water for which a barrier of 0.28 eV is predicted between the non-crosslinked, structure 1,
and crosslinked structure, structure 3”, almost an order of magnitude larger than that for P1
in water but still much lower compared to that of the hydrogen formation pathway. Just as
for P1 the crosslinking pathway for P31 in water starting from structure 1 is predicted to be
less favorable, predicted free-energy change —-0.32 eV, than the hydrogen evolution pathway,
predicted free energy change -1.59 eV. However, the crosslinked structure 3” again can act
as hydrogen trap with a predicted reverse barrier of 0.60 eV between the crosslinked,
structure 3”, and non-crosslinked structure, structure 1. A similar crosslinked structure as
for P1 and P31 is also observed for the other pyridine-based polymer, P24. The 1—3” barrier
for P24 was not calculated explicitly, however, we expect them to be similar to those
predicted for P31. No sign of a crosslinked structure was observed for P17.

H

Y, H

Figure 6: Chemical Structures of the reactants and product species involved in the P1
crosslinked reactions.
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Considering the free-energy profile shown in figure 5 and the discussion of the two
competing pathways above, any 1 formed by proton transfer to two nearby polymer sites in
the case of all polymers studied, with the exception of P17, will rapidly interconvert to 3”.
Hydrogen evolution can then be described as 3”—1—3. Because the barrier for the back
reaction from 1 to 3” is always 3-4x lower than the barrier for the forward reaction from 1
to 3, as well as lower than the barrier from 3” to 1, the conversion of 1 to 3 with transition
state 2 is likely the rate-determining step, just like it would be in the absence of the
crosslinked structure 3. However, the effective barrier for P1 and P31 will not simply be the
12 barrier height but the sum of it and the free energy difference between 3” and 1, i.e.
0.99 eV in the case of P1 and 1.30 eV for P31. Similarly, we estimate the effective barrier for
P24 to be 1.37 eV (0.92 eV + 0.45 eV). Taking this into account the nitrogen containing
electron-poor polymers are predicted to have considerably higher effective barriers to
hydrogen evolution than P1 and P17. However, even the predicted effective barriers for P1
and P17 are considerably larger than that measured experimentally for platinum (0.1-0.2 eV
depending on the surface>9).

4 Discussion

In the above we calculated free energy profiles, onset of light absorption and barriers to
hydrogen evolution for oligomers of the different polymers in a dielectric continuum as
models for particles of these polymers immersed in the mixture of TEA, water and methanol
used experimentally in sacrificial hydrogen evolution experiments. We specifically modeled
two extremes, oligomers in pure water and in pure TEA as previous molecular dynamics
calculations’ demonstrated that in the presence of the polymer the mixture phase-separates
on the nanoscale with the environment of the polymer being enriched with TEA for
hydrophobic polymers such as P1 and enriched in water for more hydrophilic polymers.

For P1 and the electron-rich polymers electron transfer between the polymers and the
sacrificial electron donor, TEA, when immersed in water is predicted to be endergonic thus
indicating the presence of a thermodynamic barrier for this step. In contrast, for electron-
poor polymers under the same conditions this electron transfer step is exergonic and as such
no thermodynamic barrier to electron transfer is observed. When immersed in TEA, finally,
a thermodynamic barrier to electron transfer is predicted to exist for all polymers, more so
for electron-rich polymers. The second electron transfer from dehydrogenated TEA is
predicted to be exergonic for all polymers, independent if immersed in water or TEA, as a
result of the increased reductant strength of dehydrogenated TEA. For P1 we previously
argued that because of its hydrophobicity the local environment near the polymer particles
will likely be enriched with TEA, making the pure TEA limit probably the most relevant, and
that hence the height of the thermodynamic barrier to electron transfer from TEA in this
local low-dielectric permittivity environment was one of the reasons why P1 is not a
particular active hydrogen evolution photocatalyst. The heteroatom containing polymers
studied here are all likely to be more hydrophilic than P1, but it is unclear by how much.
However, even if in the case of the most favorable scenario, the pure water limit, our
calculations predict that for electron-rich polymers there will be a substantial
thermodynamic barrier to electron transfer from TEA which should limit their activity for
hydrogen evolution. Similarly, the calculations predict that the thermodynamic barrier to
electron transfer from TEA is in both dielectric limits lower for electron-poor polymers than
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for electron-rich polymers, suggesting that electron-poor polymers are always a better
choice in terms of the thermodynamics of hydrogen evolution. The latter conclusion is in line
with a simpler analysis in terms of the potentials of charge carriers and excitons in the
polymers and those of the solution reactions predicts.® 8 Finally, as transient spectroscopy
suggests that even in the presence of a noble metal co-catalyst the exciton dissociates on the
polymer by accepting an electron from TEA?7. 11 the presence of a thermodynamic barrier for
electron transfer will also be a potential limiting factor when the noble metal particle
catalyzes the hydrogen formation. Thus, even with a noble metal co-catalyst electron-poor
polymers are preferred over electron-poor polymers in terms of thermodynamics.

The proton transfer step following electron transfer, or the transfer of the electron to the co-
catalyst in the presence of metal nanoparticles, is in direct competition with the ground state
back reaction, where the extra electron is transferred back from the reduced polymer to
TEA*"/TEAR" forming the polymer and TEA/TEAR" in their ground electronic states, see
Tables S3 and S4 for the reaction energetics in both water and TEA (x*~ + TEA**/TEAR" —
x + TEA/TEAR®). The back reaction in the case of TEA" as the electron acceptor is
extremely exergonic, more so in TEA. Whilst still extremely exergonic, the exergonicity of
this reaction is lower for electron-rich and electron poor polymers when compared to P1
and lowers as the thiophene/nitrogen content increases. In terms of the back reaction
involving TEAR" as the electron acceptor the exergonicity of this unwanted reaction is much
reduced when compared to TEA™. In water the back reaction with TEAR" even becomes
endergonic for the most electron-rich polymers (P28 and P31) and very close to for P17,
thereby significantly reducing how competitive the back electron transfer step will be with
proton transfer or electron transfer to the co-catalyst. In TEA, the back reaction with TEAR"
is still considerably exergonic for all polymers. The back reaction is thus likely a significant
loss channel, in the presence and absence of a co-catalyst, and if the kinetics for the different
polymer are similar, the thermodynamics discussed above suggests it might be more severe
for P1 than the heteroatom containing polymers. The latter is directly linked to the fact that
P1 has the smallest adiabatic electron affinity values of all the polymers considered.

If electron and proton transfer would take place in a concerted fashion rather than
sequentially, as discussed above, the free energy profile is all downhill after excitation for all
polymers, except possibly P17, in both the pure water and TEA limits. As a result, there
would be no thermodynamic barrier under any condition, one again with the exception of
possibly P17. Also, the back reaction, at least in the form as discussed above, would not be
an issue as the formation of x°~ is bypassed. However, conceptually there could be a similar
back reaction where the extra electron and proton of x-H"are transferred back to TEAR®
reforming TEA and the polymer in its neutral ground state. It is difficult to rule out concerted
electron and proton transfer computationally, at least using the type of calculations
performed here, but a concerted mechanism appears at odds with the experimental
observation of electron polarons in polymer photocatalysts under operating conditions by
transient absorption spectroscopy. While latter experiments were performed in the
presence of a noble metal co-catalyst, it would at least suggest that sequential electron
transfer to the polymer and proton transfer, in this case, to the co-catalyst is not only possible
but clearly the dominant mechanism under these conditions. The same may hold true in the
absence of co-catalysts.
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The optical gap is another property of the polymers which impacts the formation of
molecular hydrogen. The greater the overlap between a polymer’s absorption spectrum and
the solar spectrum the more excitons that can be formed. Compared to P1, which only starts
absorbing light on the edge of the visible and the ultraviolet (predicted absorption onset of
3.5 eV), the predicted absorption onset of all electron-rich and electron-poor polymers are
redshifted, with P17 having the lowest absorption onset on the red-side of the visible
spectrum (predicted absorption onset 2.1 eV). The absorption onset of P28, which was the
lowest of all electron-rich polymers, is predicted to be 3.1 eV, which is lower than P1 but
around 1 eV higher than that of P17. Therefore, in contrast to the analysis in terms of the
thermodynamics, in terms of light absorption and the number of excitons generated from
solar light the electron-rich polymers have the edge over the electron-poor polymers.

Independent of the heteroatom present our calculations predict that polymers should be
able to catalyze the formation and evolution of hydrogen in the absence of any co-catalyst.
However, even the best polymer studied here would do this much less efficiently than noble
metal particles due to the higher hydrogen-hydrogen bond formation barriers predicted for
the polymers. Therefore, we would argue, as we already did in our original work on P1, that
in the presence of a noble metal co-catalyst most if not all hydrogen will be evolved on the
noble metal co-catalyst. In the absence of any noble metal, electron-rich P17 and P1 are
predicted to be the best choice in terms of the barrier for hydrogen evolution. However, with
barrier heights of the order of 40ksT at room temperature the reaction rates might be in
practice very low.

As an aside, the fact that the barrier height for the hydrogen-hydrogen bond formation step
differs with the type of sites present in the polymer and that the sites that give rise to the
lowest barrier, e.g. aromatic carbons, are not necessarily active when present as other sites
adsorb hydrogen atoms more strongly, e.g. pyridinic nitrogens, means that one should be
careful with extrapolating the observation for a few polymers that the catalytic activity
completely disappears when removing all noble metal to all polymers. That said, as the rates
over the polymers, as discussed above, could be very low, they might be difficult to observe
experimentally.

Summarizing the above, our analysis of the proposed photocatalytic cycle suggests that in
terms of thermodynamics electron-poor polymers should be the optimal choice both in the
absence and presence of a noble metal co-catalyst. In contrast, in terms of the optical gap and
overlap with the solar spectrum electron-rich polymers appear the best choice. Finally, in
the case of the hydrogen-hydrogen bond formation step in the absence of a noble metal co-
catalyst there is less of link to the electronic properties of the polymers and more to specific
adsorption sites on the polymers. That said the pyridinic nitrogen atoms which make the
electron-poor polymers electron-poor, give rise to the highest barrier for hydrogen
evolution of all sites considered. We can compare these conclusions to the experimental
hydrogen evolution rates for the polymer discussed here,® 8 all measured in the presence of
Pt, as well as in most cases residual Pd remaining from the catalyst used in polymer
synthesis. The electron poor P28, P31 and P24 polymers are experimentally the most active
with P17 the least, which appears to follow the trend expected from the thermodynamic
barrier height to electron transfer predicted here. Conversely, the fact that P11, P13 and P14
are experimentally more active than P1, while in terms of the electron transfer barrier height
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the opposite would be expected. However, that could be explained, as we concluded in our
previous work when modelling the system using the potentials of charge carriers and
excitons in the polymers and those of the solution reactions,® by a trade-off between the
thermodynamic driving force, i.e. the electron transfer barrier height, and a reduced optical
gap and thus an increase in light absorbed and excitons created.

Finally, the crosslinked structures observed for P1 and P31 when studying the barriers for
hydrogen-hydrogen bond formation could potentially temporarily store the energy of
absorbed light in the absence of a co-catalyst for polymers, for which the barrier for
hydrogen-hydrogen bond formation by the polymer itself is too high. Such a process has been
previously demonstrated in the case of carbon nitride.>” There, if a co-catalyst is added to
carbon nitride material containing particular structural defects which was previously
illuminated in the presence of a sacrificial electron donor but in the absence of co-catalyst,
hydrogen evolution in the dark takes place driven by stored electrons. In the case of carbon
nitride these electrons are stored as electrons or possibly adsorbed hydrogen atoms based
on electron paramagnetic resonance (EPR) spectroscopy. Our prediction would be that in P1
and P31 and probably other (co-)polymers the charge could and would be stored in the form
of these crosslinked structures as it is the lowest energy intermediate in the cycle before
hydrogen-hydrogen bond formation. Upon addition of the co-catalyst the hydrogen atoms
trapped in the crosslinked structure have to untrap before diffusing across the surface.
Studying dark energy storage in polymers mediated by the crosslinked structures will be
challenging. Firstly, the crosslinked structures are singlets and thus EPR silent. When
optimized as a triplet the crosslinked structures revert to the non-crosslinked structure.
Secondly, crosslinked structures are also associated with less dramatic changes in the UV-
vis spectra and thus color (see figure S3) than for open-shell defects. Additionally, it might
be difficult to remove any residual palladium left over from synthesis which might act as a
co-catalyst and hence prevent dark energy storage from occurring.

5 Conclusions

We explored a photocatalytic cycle for sacrificial hydrogen evolution by heteroatom
substituted linear polymers both in the absence and presence of a noble metal co-catalyst.
We predict that all steps in the catalytic cycle are thermodynamically downhill after the
initial excitation by light other than, for most polymers, the first electron transfer between
the sacrificial electron donor, TEA, and the polymer. As a result, this electron transfer step is
predicted to give rise to a thermodynamic barrier, which changes both with polymer
composition and the local dielectric properties of the water sacrificial electron donor
mixture close to the polymer particle solution interface. This thermodynamic barrier is
largest for electron-ric polymers when the local environment is enriched in TEA and is
absent for electron-poor polymers in a water rich environment. We analyzed the ability of
the different polymers to catalyze the hydrogen-hydrogen bond formation and thus
hydrogen evolution. We found that while polymers indeed appear able to act as hydrogen-
hydrogen bond formation catalysts that the predicted barriers of 0.9-1.3 eV are much larger
than those reported experimentally for noble-metals. Based on this we believe that in the
presence of any noble metal this will act as a co-catalyst and instead of the polymer will be
the site of hydrogen evolution. Finally, in the process of studying the hydrogen-hydrogen
bond formation on polymers we discovered that for some polymers, polymer chains with an
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adsorbed hydrogen atom can spontaneously crosslink, forming a carbon-carbon bond
between the polymer chains. As the creation of these crosslinked structures is less
energetically favorable than molecular hydrogen formation, they will likely only exist
fleetingly. However, their ability to act as hydrogen traps is predicted to influence the
hydrogen-hydrogen bond formation kinetics. Also, in the absence of any co-catalyst and for
sufficiently sluggish inherent hydrogen-hydrogen bond formation activity of the polymer,
these crosslinked structures might give rise to dark energy storage, similar to what was
previously demonstrated for carbon nitride.

6 Associated Content

The TD-DFT predicted absorption spectra and all energetic properties of interest (PDF)

D3-B3LYP/cc-pVTZ optimized geometries of all relevant structures (ZIP)
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