Open Access Article. Published on 09 April 2024. Downloaded on 1/18/2026 1:07:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry A

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

{ ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2024, 12,
10932

Received 13th February 2024
Accepted 2nd April 2024

DOI: 10.1039/d4ta01009d

Immobilisation of benzo[c][1,2,5]thiadiazole (BTZ)
within polymers of intrinsic microporosity (PIMs)
for use in flow photochemistry

Dominic Taylor,2® John M. Tobin,1® Leonardo Amicosante,® Andrew W. Prentice,?
Martin J. Paterson, (2@ Scott J. Dalgarno, {2 *2 Neil B. McKeown (2 *®
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Polymers of intrinsic microporosity (PIMs) offer a useful combination of processability and inherent
microporous features arising from their contorted and rigid structures, with the potential for the
immobilisation of light harvesting groups for use in photochemistry. Herein, we report on the chemical
incorporation of photosensitisers based on the benzolc][1,2,5]thiadiazole (BTZ) group into PIM-EA-TB
through a copolymerisation strategy, allowing up to 5% BTZ incorporation without compromising
processability or microporosity. The BTZ-doped PIMs were then utilised as either homogeneous or
heterogeneous visible light photosensitisers of oxygen under both batch and continuous flow
conditions. The advantages of the solution processability of these materials was demonstrated by the
simple deposition of the photoactive microporous polymer onto glass beads, which were then fixed
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Introduction

Photocatalysis has emerged as a sustainable method to achieve
clean chemical transformations. In particular, efficient photo-
sensitisation of oxygen to generate the reactive species singlet
oxygen ('O,) is an attractive reaction as it allows atmospheric
oxygen to be utilised as a powerful reagent." Molecular oxygen is
unusual in that it exhibits triplet spin multiplicity in its ground
state (30,), which imposes a quantum mechanical barrier on its
reaction with most organic substrates.> However, oxygen
possesses a low lying excited electronic singlet state, abbrevi-
ated as 'Oy, at approximately 95 k] mol " above its ground state.
In comparison to *0,, '0, is a much more powerful oxidant with
applications in chemical synthesis,® photodynamic therapy,*
wastewater treatment,” and the detoxification of hazardous
materials.® One method for generating 'O, is via photo-
sensitisation, a process which requires only oxygen, light of
a suitable wavelength and a photosensitiser possessing an
accessible electronically excited triplet state of suitable energy.
Upon absorbing light of sufficient energy, a photosensitiser will
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within a column reactor for continuous flow photochemistry.

be excited to its first electronically excited singlet state (S;) and
then occupy the triplet state (T,) via intersystem crossing (ISC).
From this state, the photosensitiser then engages in triplet-
triplet annihilation (TTA) with *0,, generating 'O, and regen-
erating the photosensitiser to its ground state.

While organic dyes such as methylene blue and xanthenes
remain popular choices for metal-free photosensitisers, recent
research has expanded the scope of available photosensitisers
to include m-conjugated electron donor-acceptor (D-A)
systems.? This includes D-A systems based on the benzo[c]
[1,2,5]thiadiazole (BTZ) group (Fig. 1A), which have recently
gained attention as flexible photocatalysts and fluorophores.”™
Recent research has also highlighted the use of photoactive
polymer materials as photosensitisers, including photo-
sensitisers attached to Merrifield resins,'**® cross-linked
polymers, conjugated porous polymers (CPPs),">*® and
covalent organic frameworks (COFs).>* The high surface area
that such materials often exhibit provides a high interfacial area
for interaction with oxygen while also enhancing interaction
with the solvent to aid in the materials dispersibility.”>** Both of
these are factors that have been noted to improve the photo-
sensitisation performance of heterogeneous photosensitisers.
However, the heavy degree of cross-linking that these materials
exhibit renders them insoluble, consequently categorising them
as heterogeneous photosensitisers with inherent nanoscale
porosity. While this heterogeneous nature can facilitate the
recovery of the photocatalysts following reaction by simple
filtration or centrifugation, it also severely limits the processing
options that are available for these materials.
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Fig. 1 (A) Structure of a BTZ photosensitiser (pH-BTZ) with the elec-
tron donor phenyl groups and electron accepting BTZ group high-
lighted. (B) Illustration of PIM-EA-TB showing the sites of structural
contortion.

An alternative to these heavily cross-linked materials are
polymers of intrinsic microporosity (PIMs). Due to their highly
contorted and rigid backbones, the polymer chains are unable
to pack efficiently in the solid state, leading these materials to
exhibit intrinsic microporous features (Fig. 1B).>* However,
unlike CPPs, COFs etc., some PIMs can be dissolved in common
organic solvents,* allowing amorphous powders or glassy thin
films to be formed by precipitation or slow evaporation
methods, respectively. This useful combination of intrinsic
microporosity with ease of film fabrication has led PIMs to be
investigated as gas separation membranes,**?® in sensing and
energy storage,’*** and as heterogeneous catalysts.>*** While
not so extensively studied, the use of PIMs has also been
extended to photocatalytic applications. The prototypical PIM,
PIM-1, exhibits intramolecular charge transfer (ICT) between its
component terephthalonitrile and spirobisindane units,
leading it to fluoresce in both the solid state and in solution.**
Separate research conducted by Smith et al. and Atilgan et al.
have explored introducing additional chromophores into PIM-1
as a method to improve the photophysics of the material
towards photosensitisation and electron transfer photochem-
ical reactions.?***

Herein, we demonstrate two distinct strategies for immo-
bilising BTZ photosensitisers within the amine-containing
ladder polymer PIM-EA-TB, which is prepared by the forma-
tion of Tréger's base (TB) linkages between ethanoanthracene
(EA) structural units.>” Firstly, we attempted to trap molecular
BTZ photosensitisers within the microporous structure of
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self-standing thin films of PIM-EA-TB fabricated by slow
evaporation from a chloroform solution. However, this
approach fundamentally suffered from poor solvent compat-
ibility, with most reaction solvents causing the photo-
sensitiser to leach out of the film. This was then addressed by
a copolymerisation strategy that succeeded in the covalent
incorporation of BTZ photosensitisers into the backbone of
PIM-EA-TB. This latter approach allowed the photosensitising
polymer to be used either as part of a homogeneous or
heterogeneous system, under both batch and continuous flow
conditions. Furthermore, we highlight the ability to employ
solution processing techniques to coat the photoactive poly-
mer onto glass beads for use in a continuous flow heteroge-
nous photoreactor.

Results and discussion

To further develop the use of PIMs in photocatalysis, we sought
to use PIM-EA-TB either as the matrix for the simple non-
covalent incorporation of photosensitisers into its micropo-
rous structure or for direct chemical incorporation into the
polymer backbone. Crucially, unlike PIM-1, PIM-EA-TB does not
exhibit any visible light absorption, which will allow it to adopt
the light harvesting properties of the incorporated photo-
sensitiser. While these two approaches could be extended to
a wide choice of photocatalysts, we elected to use BTZ-based
photosensitisers as they are compatible with the harsh reaction
conditions used to prepare the Troger's base PIMs.

Doping PIM-EA-TB films with BTZ photosensitisers

The starting point for testing the viability of PIM-EA-TB as
a platform for BTZ photosensitisers was to investigate if pho-
tosensitiser immobilisation could be achieved within the
micropores of solution cast polymer films. For this purpose, two
BTZ photosensitisers were initially tested, pH-BTZ and ThTh-
BTZ, which feature absorption maxima in chloroform at 380 nm
and 505 nm respectively.” Thin films of PIM-EA-TB were
prepared by dissolving 150 mg of PIM-EA-TB, equivalent to
0.5 mmol of repeat units, in chloroform then slowly removing
the solvent under ambient conditions over a period of two days.
The initial film, obtained with a solution of PIM-EA-TB con-
taining no photosensitiser, gave a flexible, transparent, and
free-standing film (Fig. 2A). The addition of 7.2 mg (25 pmol) of
PH-BTZ, gave rise to a transparent film that was yellow in colour
(Fig. 2B). Under 4x magnification from an optical microscope,
it was observed that this film was homogeneous, with no visible
phase separation between pH-BTZ and PIM-EA-TB (Fig. S1t),
suggesting pH-BTZ had been successfully incorporated into the
polymers microporous structure. Film casting was also
attempted with PIM-EA-TB and ThTh-BTZ at the same 25 pmol
loading (11.5 mg of ThTh-BTZ per 150 mg of PIM-EA-TB),
resulting in the formation of an opaque red film with a visibly
rough texture (Fig. 2C). Examination of this film under an
optical microscope revealed that crystals of ThTh-BTZ with
lengths of over 60 pm had formed, due to the low solubility of
this photosensitiser (Fig. S17).
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Fig. 2 (A-C) BTZ-doped PIM-EA-TB films containing (A) no photo-

sensitiser, (B) 25 pmol pH-BTZ, (C) 25 umol ThTh-BTZ. (D) Solid state
UV-vis absorption spectra of PIM-EA-TB containing no photo-
sensitiser (grey), 25 umol pH-BTZ (blue) and 25 umol ThTh-BTZ (red).

Solid state UV-vis absorption spectra of the BTZ doped PIM
films revealed that the absorption exhibited by the films broadly
reflected the absorption spectra of the molecular photo-
sensitisers they contained (Fig. S2t). The film of PIM-EA-TB
containing 25 pmol of pH-BTZ possessed an onset of absorption
at approximately 470 nm, rising rapidly to a plateau at 406 nm.
This can be compared with the film containing 25 pmol of
ThTh-BTZ, which displayed a well-defined wavelength of
maximum absorption at 500 nm (Fig. 2D). Due to the lack of any
BTZ photosensitiser, the film of PIM-EA-TB by itself did not
exhibit any significant absorption of light above 400 nm.

The solvent compatibility of the BTZ doped PIM films was
tested to determine which solvents, if any, would be suitable
for heterogeneous photosensitisation studies. Exposing the
films to various organic solvents either caused the film to
dissolve (e.g. CHCl;, DCM) or the photosensitiser to rapidly
leach out of the film (e.g. toluene, THF, acetonitrile, meth-
anol). This ultimately confined the solvent for any reaction to
water as this solvent was unable to dissolve either the PIM film
or the BTZ photosensitiser. This was not an ideal solvent for
photosensitisation reactions due to the extremely low lifetime
of '0, in water (ca. 3.45 ps) in comparison with other
solvents.*® Nevertheless, 'O, production was attempted using
the oxidation of 2-furoic acid to 5-hydroxy-2(5H)-furanone
using a vial as reaction vessel, the bottom of which was coated
with a layer of the pH-BTZ doped PIM-EA-TB.*” However, after
7 days under irradiation from a 420 nm LED, a conversion of
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only 20% was obtained compared to <2% obtained in the
absence of photosensitiser.

Covalent incorporation of BTZ into PIM-EA-TB

To prevent leaching of the photosensitiser and expand the
range of usable solvents, we sought to chemically incorporate
the pH-BTZ group into the backbone of PIM-EA-TB. Similar
approaches have already been explored to generate polymeric
BTZ photocatalysts including linear polymers,**?® cross-linked
polymeric gels/networks,'*'> CPPs,”* and COFs.** However,
these approaches often suffer from either a lack of solubility
due to covalent cross-linkages or a lack of permanent micro-
porosity in the case of linear polymers, reducing the transport of
%0, to the photosensitiser and 'O, to the reagent. While these
materials could be fabricated into different formats (such as
beads, monoliths, and gels,* or custom designed 3D printed
structures),"”*® these forms were ultimately fixed during the
initial polymerisation reaction. In contrast, PIM-EA-TB exhibits
substantial microporosity and once synthesised as a powder can
be dissolved in various organic solvents and then used for post-
synthetic processing techniques.*”

PIM-EA-TB is typically synthesised by the trifluoroacetic acid
(TFA) catalysed reaction of EA and dimethoxymethane (DMM)
leading to the in situ formation of the Troger's base linkage
(Fig. 3A).*” We therefore envisaged performing the polymerisa-
tion reaction of EA with varying quantities of the p-diamino-
analogue of pH-BTZ, pNH,-BTZ, the synthesis of which is
provided in the ESI.} This was done with feed ratios containing
1 and 5 mol% of BTZ to yield PIM-BTZ-1% and PIM-BTZ-5%,
respectively. These were obtained as yellow powders, compared
to the off-white colour of PIM-EA-TB, indicating successful
incorporation of the BTZ moiety into the polymer backbone
(Fig. 3B). Furthermore, powders of both PIM-BTZ-1% and PIM-
BTZ-5% exhibited clearly visible emission under a UV lamp,
whereas PIM-EA-TB was non-emissive (Fig. S31). In order to
provide a suitable small molecule analogue to the BTZ doped
PIM-EA-TB, the model compound TB-BTZ, was also synthesised
by reaction of pNH,-BTZ and p-tert-butylaniline (Fig. 3C). This
provided a molecular benchmark for the photosensitisation
efficiency and aided in the identification of "H NMR signals
within the polymer (Fig. S47).

The '"H NMR spectra of PIM-BTZ-5% in CDCIl; closely
resembled the spectra of PIM-EA-TB with additional peaks in
the aromatic region attributable to the BTZ dopant: from this
a BTZ content of 4.4% was estimated (Fig. S41). These addi-
tional peaks were also present in the "H NMR spectra of PIM-
BTZ-1%, but were weak and mostly obscured by the neigh-
bouring PIM-EA-TB peaks, making accurate determination of
BTZ content difficult. The incorporation of BTZ into the PIM-EA-
TB backbone was also confirmed by UV-vis absorption spec-
troscopy (Fig. 4). The UV-vis absorption spectrum of PIM-EA-TB
(in chloroform solution at a concentration of 0.04 mg mL ") did
not feature any significant absorption of light in the visible
region with a maximum of absorption below 300 nm. In
contrast, PIM-BTZ-5% exhibited a significant absorption
maximum located at 412 nm that was attributed to the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 UV-vis absorption spectra for PIM-EA-TB, PIM-BTZ-5%, PIM-
BTZ-1% and TB-BTZ. All spectra were obtained in chloroform solution
at concentrations of 0.04 mg mL™%.

covalently incorporated BTZ group and closely matched that of
model compound TB-BTZ. In the case of PIM-BTZ-1%, the
absorption at 412 nm was weaker than PIM-BTZ-5% but still
greater than for PIM-EA-TB. Fluorescence spectra of PIM-BTZ-
5% and TB-BTZ were also recorded in CHCI; solution, with
maxima identified at 533 nm for both samples (Fig. S57).

In order to determine the scope of possible solvents for
photocatalytic studies, the solubility of PIM-EA-TB in common
solvents was assessed (Table S1}). PIM-EA-TB was mainly
soluble in chlorinated solvents (such as chloroform, DCM) as
well as in N-methylpyrrolidone and quinoline. The polymer was

This journal is © The Royal Society of Chemistry 2024
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(A) Chemical scheme for the incorporation of pNH,-BTZ into PIM-EA-TB. (B) Powder samples of PIM-EA-TB (left), PIM-BTZ-1% (middle)
and PIM-BTZ-5% (right). (C) The structure of model compound TB-BTZ.

entirely insoluble in solvents such as acetonitrile or methanol,
which would be useful solvents for using PIM-BTZ-1% and PIM-
BTZ-5% as heterogeneous suspensions. The solubility of these
TB polymers in low boiling point solvents like chloroform
allowed free standing thin films of all three polymers to be
fabricated by slow evaporation from solution (Fig. S6%).

The N, gas adsorption and desorption isotherms recorded at
77 K for PIM-BTZ-1% and PIM-BTZ-5% allowed Brunauer-
Emmett-Teller (BET) surface areas of 986 and 914 m” g~ ' to be
calculated (Fig. S71). These values are similar to that of PIM-EA-
TB (1028 m> g~ ') and indicates that the introduction of the BTZ
group results in only a slightly reduction of the BET surface
area.” The decrease in the BET surface area of PIM-EA-TB on
increasing percentage of the BTZ unit is presumably due to the
introduction of free internal rotation within the polymer chain
about the single C-C bonds of the BTZ unit. This is an effect that
has previously been observed in PIMs containing a non-rigid or
non-contorted comonomer.** The BET surface areas of PIM-
BTZ-1% and PIM-BTZ-5% are larger than the reported surface
areas of most other organic polymers (linear or crosslinked)
containing BTZ, but is still considerably lower than some crys-
talline frameworks (see Table S21). CO, adsorption isotherms,
measured at 273 K, revealed uptakes of 93 and 71 cm® g ' at 1
bar of pressure for PIM-BTZ-1% and PIM-BTZ-5% respectively
(Fig. S81). Modelling of the pore size distribution using non-
local density functional theory (NLDFT) on the CO, adsorp-
tion isotherms revealed a significant presence of micropores
mainly in the region of 0.4-0.7 nm for both materials (Fig. S9
and S107).

Thermal gravimetric analysis (TGA) revealed that both
materials were thermally stable up to 300 °C, with decomposi-
tion resulting in a 35% mass loss up to 800 °C (Fig. S117). Gel
permeation chromatography (GPC) was conducted on the

J. Mater. Chem. A, 2024, 12,10932-10941 | 10935
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synthesised polymers (Fig. S13 and S14}) with weight average
molecular weights (M,,) of 47 000 g mol™" and 26 000 g mol ™"
calculated for PIM-BTZ-1% and PIM-BTZ-5% respectively. These
are less than reported M, for PIM-EA-TB of 155 800 g mol *,
which could suggest that an increasing percentage of the BTZ
comonomer could hinder polymerisation.*

Batch photosensitisation studies

In contrast to the BTZ-doped PIM-EA-TB films described above,
the chemical incorporation of the photosensitiser into the
backbone of the PIM addressed the leaching problem and
allowed solvents other than water to be explored. PIM-BTZ-1%
and PIM-BTZ-5% were employed as photosensitisers for 'O,
using the oxidation of aryl phosphines as the test reaction. For
the initial optimisation studies, triphenylphosphine was
selected as the substrate using PIM-BTZ-5% as the photo-
sensitiser. In each reaction, 10 mg of PIM-BTZ-5% was used to
give approximately a molar equivalent loading of the photo-
active BTZ unit of 5 mol%. Initially, chloroform was selected as
the reaction solvent as this was able to fully dissolve PIM-BTZ-
5%. After 2 hours of irradiation from a 28 W 410-420 nm LED,
a conversion of 45% was measured using crude *'P NMR
spectroscopy (Table 1, entry 1). Deuterated chloroform (CDCl;)
and dichloromethane (DCM) were both able to fully dissolve
PIM-BTZ-5% and resulted in conversions of 57 and 41%
respectively (Table 1, entries 2 and 3). This trend in the reaction
conversion of CDCI; > CHCI; > DCM correlates with the lifetime
of '0, in each of the solvents (640, 240 and 100 ps respec-
tively).”> In the remaining solvents tested, PIM-BTZ-5% was
insoluble although each solvent was able to dissolve the tri-
phenylphosphine substrate. This included acetonitrile (MeCN),
methanol (MeOH), toluene and the green solvent dimethyl
carbonate (DMC) (Table 1, entries 4-7) with MeCN returning the
highest conversion of 27%. While the lower reaction conversion
obtained in these solvents can be partially explained by the
lower lifetime of '0,, this cannot be entirely decoupled from
factors such as the polymer dispersibility and mass transport of
reagents, which are important factors in heterogeneous cata-
lytic systems.

Control experiments were conducted by performing the
reaction in the absence of a photosensitiser, performing the
reaction in the dark, or by conducting the reaction under
a nitrogen atmosphere to preclude oxygen from the reaction
mixture (Table 1, entries 8-10). In each case, the reaction
conversion was extremely low (0-7%). Having identified CDCl;
as the reaction solvent that afforded the highest conversion, the
reaction time was increased from 2 hours to achieve full
conversion: after 5 hours a conversion of 97% was obtained
while after 6 hours, the conversion was >99% (Table 1, entries
12 and 13). PIM-BTZ-1% was also tested under similar condi-
tions to PIM-BTZ-5%, with a conversion of 85% obtained after 5
hours (Table 1, entry 14).

To provide a molecular comparison for the polymer bound
photosensitiser, TB-BTZ was also tested as a photosensitiser. In
CDCl;, TB-BTZ at 1 mol% loading was able to achieve 73% after
2 hours of irradiation (Table 1, entry 15). The performance of
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Table 1 Conversion of triphenylphosphine into triphenylphosphine
oxide using 'O,

0
P, Air, hy B,
PV Ph 5 PphV/Ph
Ph Photosensitiser, Ph
Solvent

Entry” Photosensitiser Solvent Time/h Conversion®/%
1 PIM-BTZ-5% CHCl, 2 45
2 PIM-BTZ-5% CDCl; 2 57
3 PIM-BTZ-5% DCM 2 41
4 PIM-BTZ-5% MeCN 2 27
5 PIM-BTZ-5% MeOH 2 24
6 PIM-BTZ-5% Toluene 2 21
7 PIM-BTZ-5% DMC 2 4
8 — CDCl, 2 7
9¢ PIM-BTZ-5% CDCl; 2 0
10¢ PIM-BTZ-5% CDCl; 2 0
11 PIM-EA-TB CDCl, 2 5
12 PIM-BTZ-5% CDCl; 5 97
13 PIM-BTZ-5% CDCl; 6 >99
14 PIM-BTZ-1% CDCl; 5 85
15 TB-BTZ CDCl; 2 73
16° PpH-BTZ CDCl, 2 >99
17¢ BODIPY CDCl, 2 95
18° Rose bengal CDCl, 2 >99
19¢ Methylene blue CDCl; 2 >99
20° TPP CDCl, 2 >99
21 PIM-BTZ-5% MeCN 12 96
22 PIM-BTZ-1% MeCN 12 64

“ Reaction conditions: triphenylphosphine (52 mg, 0.2 mmol),
photosensitiser (10 mg of PIM or 1 mol% of pH-BTZ or TB-BTZ),
solvent (5 mL), air, 28 W 410-420 nm LED. ? Determined by *'P NMR
spectroscopy in CDCl; solution (Fig. S17). © Reaction performed in the
dark. ¢ Reaction mixture performed in a Schlenk flask under
a nitrogen atmosphere. The reaction was degassed with nitrogen prior
to the reaction. ¢ Structures of benchmark photosensitisers are shown
in Fig. S18.

PIM-BTZ-5% was also benchmarked against the performance of
other reported organic photosensitisers, namely pH-BTZ,
BODIPY, rose bengal, methylene blue and tetraphenylporphyrin
(TPP) (Table 1, entries 16-20). After irradiation for 2 h at 1 mol%
loading, these photosensitisers were each able to achieve
conversions in excess of 95% under homogeneous conditions.
While these results indicate that the performance of the poly-
mer bound photosensitiser was generally slower than small
molecule photosensitisers, PIM-BTZ-5% has the advantage of
being used either homogeneously in CDCl; solution or hetero-
geneously as a suspension in MeCN.

Having identified an optimised set of conditions for the
oxidation of triphenylphosphine, the reaction scope was
expanded to include various triaryl phosphines (Scheme 1).
These oxidations were conducted homogeneously in CDCl;
using PIM-BTZ-5% as the photocatalyst. After each reaction, the
conversion was determined by quantitative *'P NMR spectros-
copy, then the product isolated by filtering the solution through
a small plug of Celite. The Celite effectively trapped PIM-BTZ-
5%, leaving the purified product as the filtrate, although the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta01009d

Open Access Article. Published on 09 April 2024. Downloaded on 1/18/2026 1:07:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

0
Air, PIM-BTZ-5% B..
_ - Ar” \A ‘Ar
hv, CDCl, r

P-.
rd \ IAr
Ar AT

Scope of Ar Groups

>99% (90%) >99% (87%)

HO-

>99% (68%)

>99% (96%)°

>99% (68%)

Scheme 1 Reaction scope for triarylphosphine oxidation.®? 2Reaction
conditions: triarylphosphine (0.2 mmol), PIM-BTZ-5% (10 mg), CDCls
(5 mL), air, 28 W 410-420 nm LED. PReaction conversion determined
by 3P NMR spectroscopy in CDCls solution. Isolated yields following
a Celite plug are shown in brackets. “Reaction performed for 18 hours.
9Reaction performed for 10 hours.

polymer could not be recovered through this method. With each
phosphine examined, complete oxidation to form the phos-
phine oxide was achieved, although both trimesitylphosphine
and tri(p-fluorophenyl)phosphine required longer to achieve
full conversion (18 h and 10 h respectively). These longer reac-
tion times most likely reflect the steric and deactivating elec-
tronic effects of the mesityl and p-fluorophenyl substituents
respectively. This observation agrees with previous studies on
the reaction mechanism of 'O, with triarylphosphines, where
electron rich phosphines favour c-electron donation to the 7*
orbital of '0,.*

While pH-BTZ and TB-BTZ in CDCl; solution were effective
photosensitisers, their isolation would be complicated by the
need for chromatographic separation techniques. The use of
the PIM as a heterogeneous photosensitiser as a suspension of
MeCN was therefore also investigated further. By increasing
the irradiation time to 12 h, PIM-BTZ-5% was able to achieve
96% conversion of triphenylphosphine into triphenylphos-
phine oxide while PIM-BTZ-1% achieved a conversion of 64%
(Table 1, entries 21 and 22). This was a feature that was also
observed under homogeneous photosensitisation studies,
most likely reflecting the lower BTZ content. After performing
the reaction with PIM-BTZ-5%, the solid PIM-BTZ-5% was
isolated by centrifugation, washed with acetonitrile (7 x 5 mL)
then dried under vacuum. The result was clean separation of
PIM-BTZ-5% from the phosphine/phosphine oxide mixture,
with no visible signs of impurity in the photosensitiser. The
reusability of PIM-BTZ-5% under these conditions was also
evaluated, demonstrating that the photocatalyst could be used
five times without appreciable loss of material or photoactivity
(see Fig. S197).
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The heterogeneous photosensitisation using PIM-BTZ-5% in
MeCN was further studied by re-examining the scope of phos-
phine substrates. Near complete oxidation of triphenylphos-
phine and tri(p-tolyl)phosphine was achieved within 12 h (97
and >99% respectively). However, as was the case for the
homogeneous studies, both trimesitylphosphine and tri(p-flu-
orophenyl)phosphine were slower to oxidise (63 and 82%
respectively). Due to the similarity in size between methyl group
of tri(p-tolyl)phosphine and the fluoro-group of tri(p-fluo-
rophenyl)phosphine, this difference is most likely not due to
size exclusion from the pores of PIM-BTZ-5%, but is due to
electronic effects slowing the reaction of 'O, with the
phosphine.®

Continuous flow photosensitisation studies

In order to accelerate the rate of the reaction, the oxidation of
triphenylphosphine using PIM-BTZ-5% was also attempted
under homogeneous continuous flow conditions. Flow chem-
istry, in which the reaction mixture is typically passed through
narrow diameter transparent polymer tubing, is regarded as
a powerful tool for facilitating chemical transformations.** The
use of flow chemistry in photocatalytic reactions has been well
documented, with the reactions in particular benefiting from
the more efficient and uniform irradiation of the reaction
mixture due to the reduction in the pathlength of light.*>*¢ This
can be contrasted with absorption of light in a batch reactor,
such as a vial or a flask, where the light intensity varies drasti-
cally across the reaction.

For the flow experiments, a Vapourtec series E flow reactor
and fluorinated ethylene propylene (FEP) tubing with an
internal diameter of 1 mm were used. The initial conditions
investigated involved pumping a solution of triphenylphos-
phine and PIM-BTZ-5% in CDCl; from a vial at a rate of 1
mL min~" using a peristaltic pump. Concurrently, a second
pump was used to circulate air at a rate of 1 mL min ', with the
two phases meeting at a T-junction (Fig. 5A). The resulting
system consisting of the CDCl; solution separated by segments
of air was then passed through a 5 mL coiling of FEP tubing
under irradiation from the same 28 W 410-420 nm LED
employed in the batch photocatalytic experiments. This mixture
was cycled continuously for 1 hour before a sample was with-
drawn for analysis by *'P NMR spectroscopy. Under these initial
conditions, a conversion of 69% was achieved after 1 hour.

To further increase the rate of the reaction, the flow rates of
the solution and of air were varied independently and the
conversion after 1 hour measured (see Table S4f). It was
observed that reducing the air flow rate relative to the flow rate
of the PIM solution increased the reaction conversion. For
example, decreasing the flow rate of air to 0.5 mL min"
increased the conversion of triphenylphosphine to triphenyl-
phosphine oxide to 93% in 1 hour. A possible reason for this is
due to the large excess of oxygen available in the reaction. As
such, the decrease in the flow rate of air will not affect the
reaction rate but will cause an overall drop in the flow rate,
increasing the overall residence time of the reaction mixture
within the reactor. Overall, a conversion of 93% after 1 hour of
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Fig.5 Schematicillustration of the experimental set up for conducting triphenylphosphine oxidation under continuous flow conditions (A) using
PIM-BTZ-5% homogeneously within a coil reactor and (B) heterogeneously using PIM-BTZ-5% immobilised on glass beads.

irradiation corresponds to an approximate 5-fold acceleration
in the rate of the reaction compared to the optimised batch
conditions presented in Table 1.

Applying PIM-BTZ-5% as surface coatings

To further develop the applicability of PIM-BTZ-5% for contin-
uous flow photosensitisation, we took advantage of its solution
processability to apply the polymer as a surface coating on glass
beads. These beads were then packed into a glass column
reactor through which the reaction mixture could flow under
external irradiation (Fig. 6). This would have the advantage of
spatially fixing the polymer photosensitiser in place and greatly
simplify catalyst recovery. Glass represents an ideal surface for
such applications as it is cheap, inert, and offers a high degree
of transparency to allow efficient penetration of light
throughout the column reactor. Other methods explored to trap
polymer photocatalysts within fixed reactors include the use of
polymer monoliths,*”*®* Merrifield resins,”® and silica as
a support material,* although such methods offer poor pene-
tration of light due to the opacity of the material.

Coating of the glass beads was achieved by slowly concen-
trating a mixture of 500-750 pm glass beads (5 g) and PIM-BTZ-
5% (10 mg) in chloroform under vacuum to a slurry before
separating off the glass beads. This yielded glass beads of a clear
yellow colour (Fig. S157), suggesting successful formation of
a thin coating. Examination of the coated glass beads under
a fluorescence microscope revealed a uniform surface, although
some localised defects were observed where beads had stuck
together (Fig. 6). This was minimised by spreading the coated
glass beads out after coating to prevent clumping. Ultimately,
the solvent compatibility of the PIM-BTZ-5% coated glass beads
was dictated by the solubility of the PIM coating in the reaction
solvent: this precluded the use of solvents such as CDCl;, but
allowed the use of non-solvents such as methanol, acetonitrile,
etc. Post-coating covalent crosslinking of PIM-BTZ-5% was also
investigated by quaternerisation of the Troger's base linkages

10938 | J Mater. Chem. A, 2024, 12, 10932-10941

with 1,4-bis(bromomethyl)benzene to prevent the coating from
dissolving in any solvent (Fig. S167).”° While crosslinking
rendered the polymer coating insoluble in chloroform, it also
resulted in a reduction in the mechanical robustness of the
polymer coatings, causing them to detach from the beads when
tested under flow conditions. Additionally, quaternerisation of

Apply
PIM-BTZ-5%
Coating

Immobilise
within Glass
Column

Fig. 6 lllustration of the steps involved in the preparation of PIM-BTZ-
5% coated glass beads for use in a column reactor under continuous
flow. Image on the bottom left shows a single glass bead coated with
PIM-BTZ-5% using a fluorescence microscope.
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TB linkages is known to significantly reduce the surface areas of
PIMs due to stronger interactions between the polymer chains
and counterions blocking the pores.*® Such a reduction in
porosity could also negatively impact the rate of photo-
sensitisation by reducing access of oxygen to the pores.

Testing the 'O, production ability of PIM-BTZ-5% coated
glass beads was carried out using triphenylphosphine oxidation
using 5 g of beads contained within a fritted glass column as
part of the continuous flow set-up shown in Fig. 5B. In meth-
anol, >90% conversion of triphenylphosphine to triphenyl-
phosphine oxide was achieved within 18 hours, as shown in the
kinetic trace in Fig. S20.7 To test the consistency of the surface
coating method, three batches of separately coated beads were
tested, with only minor differences in the rate of conversion
observed. Glass beads coated with PIM-BTZ-1% were also tested
under continuous flow using methanol as the reaction solvent:
after 18 hours, 90% conversion of triphenylphosphine to tri-
phenylphosphine oxide was obtained. The similar performance
of PIM-BTZ-5% and PIM-BTZ-1% when employed as surface
coatings on glass beads implies that under the continuous flow
conditions, an excess of 'O, is being produced.

The reusability of the PIM-BTZ-5% coated glass beads was
also tested across five consecutive runs: washing of the beads
between each run was carried out by flowing methanol through
the reactor column followed by a stream of air. Across the five
runs, the conversion after 18 hours of reaction remained in the
region of 86-99%, highlighting both the photostability and
robustness of the thin polymer coating (Fig. S211). 'O,
production was also tested using the oxidation of 2-furoic acid
in water, where a conversion of 30% was achieved after 3 days.
While still quite slow due to the low lifetime of 'O, in water, this
represents a vast improvement in the reaction conversion in
comparison to the 20% conversion obtained after 7 days using
BTZ doped PIM-EA-TB films under batch conditions, again
emphasising the benefits of continuous flow chemistry.**

DFT modelling of PIM-BTZ-5%

To complement the experimental studies conducted into PIM-
BTZ-1% and PIM-BTZ-5%, theoretical calculations were also
performed to better understand the electronic structure of the
polymer materials (see the ESIT for specific details pertaining to
the calculations). To reduce the cost of the computational
calculations, TB-BTZ was selected as the theoretical model given
the similarity of its absorption/emission spectra with PIM-BTZ-
5%. The predicted absorption spectrum, with a maximum
located at 393 nm (Fig. S227), was in good agreement with that
observed from experiment, maximum located at 412 nm. The S,
— S, transition is dominated by an excitation of an electron from
the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) (Fig. 7). In keeping with
the HOMO-LUMOs of similar BTZ systems, the HOMO orbital
featured a significant degree of character on the aryl groups and
the benzene ring of the BTZ group.” This charge is moved from
the aryl electron donor groups to the BTZ electron acceptor group
in the LUMO, providing evidence of the ICT mechanism
commonly associated with BTZ photosensitisers. Other key
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Fig. 7 HOMO (bottom) and LUMO (top) for TB-BTZ.

energy values were calculated for TB-BTZ (Table S5t), including
the singlet-triplet energy gap (So-T.) in chloroform, which was
calculated to be 1.38 eV. This is greater than the minimum value
of 0.98 eV needed to achieve 'O, formation, reinforcing the
suitability of these material for photosensitisation.”

Conclusions

In conclusion, we have investigated the utility of PIM-EA-TB as
a solution processible and microporous platform for immobil-
ising visible light photosensitisers based on the BTZ groups.
While trapping the BTZ photosensitisers within the pores of the
material was fundamentally limited by poor solvent compati-
bility, covalently incorporating them into the backbone of the
material proved effective. Through this strategy, photoactive
PIMs with up to 5% BTZ content were prepared without
compromising the solution processability or the microporosity
of PIM-EA-TB. This allowed PIM-BTZ-5% to be investigated as
either a homogeneous or heterogeneous photosensitiser under
both batch and continuous flow conditions. Furthermore, the
solution processability of PIM-BTZ-5% allowed it to be applied as
a coating to glass beads trapped within a column reactor. This
augmented the capabilities of the material under continuous
flow conditions by simplifying photosensitiser recycling. In
future, we envisage that the merger of efficient photocatalysts
with solution processible PIMs could facilitate the development
of new functional surfaces and expedite research into bespoke
continuous flow reactors. The success of this would be under-
pinned by a fundamental understanding of the structure-prop-
erty relationship of these materials, including the impact that
different contorted building blocks and increasing photocatalyst
content had on the structural and optoelectronic behaviour: we
aim to report the results of such studies in due course.
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