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A third-generation photocatalytic chip can playessential role in sunlight-driven dye degradatimydrogen production,
etc. Choice of active substances, as well as fabrication methods, are important for practical utilization of the materials. In
this paper, we reported devising a photocatalip aising immobilized polytriazoles of diketopyroplyrrole (DPP) and
zinc oxide for the first time. For immobilizatiothe self-assembled monolayer (SAM) formation teghes were utilized
with superior results. Different methods confirmefficient immobilization and high grafting densifpr the SAM
technique. Computational models suggested favortdegy parameters for the active materials. Phtatysis was studied
for the degradation of multiple polluting dyes und&ndard environmental conditions using immobdipolytriazoles.

1. INTRODUCTION device performancé$.Considering those advantages of SAM-
Photocatalysts offer a convenient method of chemic®ased materials in device performances, preparafi@AM of
transformations driven by photon sources like ratur designer polymers for improved efficacy, particlyaas a
sunlight” ? Examples include chemical degradation ofphotocatalytic chip was undertaken as the mainciveof the
polluting dyeé production of hydrogen from wafemethane study.

production from acetic acicetc. Immobilization of polymers Another issue related to the performance of a eeidcthe
is an integral part of research for developing phatalyst in design of polyméf to be immobilized as SAM. Other
the form of a chip. research groups and we reported that diketopyryotofe
Polymers can be immobilized to various surfaceslifierent (DPP)?° coupled with various aromatic moieties play an
coating method$. For example, they can be drop-casted on énportant role in controlling multiple parameterslated to
surface from fairly dilute solutiorfs.However, it may not device performanced.While in most cases, different moieties
produce a uniform layer in some instant&pin-coating can Were connected with the double bond or triple bdmd
create a more uniform layer, although maintaining proper employing Suzuki or Sonogashira couplifigseveral years
orientation of an active functional group is ofehallenging’®  back, we reported that triazole as the connectaldcprovide
11 proper orientation of the molecules can be coletioin a  interesting systems for their unique optoelectrqniaperties™
better way by using Langmuir-Blodgett film (LB film) Hence, herein, we report immobilization of a nob&lP-based
formation technique, where amphiphilic moleculese arclick polymer to the surface by graft to SAM forioat
assembled on surfaces using a special instrumentatitechnique. Further, since the solubility is an imgot issue for
technique' LB films are often fragile in nature and limited tothe products after click polymerizatihwe introduced long
specific substrates®®in this context, controlled decorations alkyl chains to both monomers for improving theudlity.
using self-assembled monolayer (SAM) formation téghed* Although many photocatalytic proces¥es * like dye
can provide more reliable and durable surfaceghénrecent degradation, production of hydrogen from water methane
review articles, we highlighted various aspects M Pproduction from acetic acid have some similaritiesnitiation
formation techniqués particularly, SAM-driven "graft from", mechanisms, we chose to study in detail the phtitytie
"graft to", “"graft through" technique8. Such controlled degradation of generally polluting dyes using SAMDOPP-
decorations can facilitate the enhancement of eevibased click polymer as the initial model. This @rtjgzularly
performances. Formation of self-assembled onolggéM) important considering recent interests in the reahowof
with silane molecules particularly attracted sevettentions polluting dye$® by using third-generation photocatalysts in
as they form covalently attached monolayer on ealev which the immobilized substrates are used as (ﬂ&iﬂ’/n
surfaces, like, silicon, indium tin oxide, glass.dturther, the Although very recently we reported devising a phatalytic
SAM formation on surfaces allows fine-tuning of el chip by coating the materials of choice for bulkenejunction
surface properties like wettability, conductivitgtc. Such solar cell devices, to the best of our knowledpes is the first
controlled decorations can facilitate the enhanceroédevice detailed study on devising SAM-based photocatalytiip
performances. In photovoltaic devices, the SAM faywith using designer click polymer.
small organic molecules can tune the power conwersi

efficiency. For example, L. Yang and others demast the

formation of highly dense poly(3-methylthiopheneglfs

assembled monolayer to Indium tin oxide surfaceswsed as

a new hole transport layer in bulk heterojunctiotymer solar

cells!” They noted that those SAM-based hole-transpogeriy

provide higher power conversion efficiency, supestability

in various solvents. Along the same line, CHiual. reported

that the SAM-modified device has an improvementthe

charge carrier mobility and short circuit currefdr better



Scheme 1! Click” polymerizations on diketopyrrolopyrrole (B9 -based M1 monomer, followed by immobilizatiorngsself-assembled
monolayer (SAM) formation technique: “Graft to” rhet. Inset picture: GPC chromatogram of click polygrel and P2.

2. RESULTS AND DISCUSSION molecule (shown in figure S10 in EBIDetailed procedure for the
synthesis has been given below in the Experimessietion (section
2.1. IMMOBILIZATION OF DPP-BASED POLYMER BY SAM 3.2.1).
FORMATION After establishing the condition for click reactioon a model
substrate, click polymerization reactions were qraned using two
Scheme 1 depicts the general strategy of immobkibzaof DPP- different catalyst systems (Cul for P1 polymer an&Qu5H,O/Na-
based click polymer to surface by SAM formationht@ques. In ascorbate for P2 polymer) separately maintainirgtien condition
brief, alkyne functionalized DPP-based polytriazoteere prepared at 50°C for 48 hours in the presence of Bask both cases, after
first using click polymerization. Those polymersene immobilized completion of polymerization, the characteristidocachange from
to surfaces using “graft to” method in presenca etiitable catalyst. red to dark violet was observed. The crude proshad purified by
Results on synthesis, characterization of polymermd soxhlet extraction with different solvents sequalj like methanol,

immobilization techniques have been presented helow acetone, diethyl ether, and chloroform. Finally,atxained the click
polymers in the chloroform fraction. The elaborategnthetic
2.1.1. Synthesis and Optical Properties of the patyers: procedure is given in the experimental part. Tdvenftion of click

Dialkynated DPP monomer (M1), diazido monomer (Manpd polymers in both cases was confirmed by FTIR, NMR}, @PC. As
phenylazide (compound S7) were synthesized usinglifiled observed by FT-IR spectroscopy in figure 1A, therseanplete
literature procedures as described in the ESI@e@P (scheme S1, disappearance of peaks at around 2106 Cmresponding to azide
S2, and S3) and spectral data of that synthesiaetpeunds were and alkyne group stretching indicated the succebsclick
provided in ESI figure S1 to SE& Initially, we attempted the polymerization. A small residual peak at 2100 cindicated the

model click reaction (SCheme 2) of dialkynated DRéhomer (Ml) presence of a|kyne | azide end groups in the pdw}m&ins_
by reacting with phenyazide in THF - water mixtate50°C in the

presence of CuSH;0 and Na-ascorbate. After 22 hours, thEurther, the formation of polymers was confirmed ¥4 NMR
product was recovered and purified by column chtography and spectroscopy (figure 1B and S11 in ESI)#hNMR spectrum, the
characterized by FT-IR arlti NMR spectroscopy techniques. In theiew peak at 7.63-7.85 ppm confirmed the formatibtriazole ring
FT-IR spectrum; after click reaction, the disappeeesof azide peak and the disappearance of the peak indicated neapletion of the
was observed at 2100¢mand in'H NMR spectrum, the new reaction. Two C-H protons signals of thiophene simgre observed
characteristic peak appeared at 7.8 ppm for treadah C-H proton, at 8.90-9.15 ppm and at 7.65-7.25 ppm as a brapmhlsiAll other
which reflected the success of the click reactionsonomer 1 characteristic aliphatic CHand CH proton signals were also
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observed. As observed from GPC, the Whlues of polymers are (FMOs) (HOMO and LUMO) of click polymer moleculestiwvone

7435 g/mol and 5967 g/mol, respectively for P1 B2 indicating

repeating unit were studied by using density fuoral theory

different degrees of polymerization while using Catalyst (scheme calculations. We calculated the energy level valeésground
1, insert picture)The absorption and emission spectral analysis @fUMO) and excited state (HOMO) with respect to thkck
polymers were taken in CHEC$olution and thin film form, as shown polymer electronic structure as -2.52 eV and -4£81 respectively,
in figure 1C. Dialkynated DPP monomer showed maximuwmith theoretical bandgap values of 2.29 eV (figliB®. These results

absorption wavelength at 586 nm, which is attridute n-z*
electronic  transition of diketopyrrolopyrrole  uRits After
polymerization, similar types of absorption (596)nuere observed,
indicating the difference in extension of conjugati during
polymerization. From the onset value of absorpti@velength, we
observed the optical bandgap values of M1, P1, Rddvere 1.73
eV, 1.72 eV and 1.75 eV, respectively (table 1).fllorescence
spectra, the maximum emission wavelength of DPPoman was
shown at 602 nm, and click polymers were shown X 6m,
revealing a good fluorescence activity with intemed emission
The geometry, electronic structure and frontieiitatlenergy levels

reveal that, the theoretical bandgap values hawewrshgood
agreement with experimental values. Further, it wlaserved from
computational models that both HOMO and LUMO wereated in
the diketopyrrolopyrrole (DPP) moiety and it carcilitate the
intermolecular charge transfer transition betwedPPDand quinol
units of click polymet®. The electrochemical properties of
monomers and polymers were studied by cyclic vaitatny to find
the HOMO, LUMO and band-gap values)X&s shown in figure 2A
and table 1. The bandgap values of M1, M2, P1,R&advere 1.79,
1.64, 1.51, and 1.62 eV, respectively.

Figure 1. (A) FT-IR spectra of monomers and poly®2; (B)*H NMR spectrum of click polymer P2; (@pmbined UV-Vis absorption and emission
spectra of M1 monomer and polymers (P1 and P3)litien (CHCE); (D) Topologies ofrontier molecular orbital diagram of analog otc&lipolymer

structure with one repeating unit;

Thermal analysis of monomer and polymers were stutly TGA
and DSC measurements with the heating rate at 10efGnmute
(figure 2C, 2D and ESI figure S6). The TGA data stdine DPP
monomer has more stability of up to 391°C plausthlg to ther-n
stacking between the DPP molecules. The onset dmasition
temperature of click polymer P1 and P2 has 169°C &ng°C
respectively, plausibly due to the slow breakinglidyl chains from
polymers. The glass transition temperature of pelgmwas
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analyzed by DSC instrument and thgvalue of click polymer was
found to be at around 55°C-60°C. The relatively kalues of glass
transition temperature can be attributed to theguee of more alkyl
chains and more flexibility between the polymering4.

The crystalline nature of monomers and polymers stadied by
powder XRD at two theta ranges of 3-80 degrees asrsin figure

2B. The DPP monomer (M1) showed three differentsipaaks at
4.60, 9.28, and 18.69 degrees at two theta vHlueEhe



corresponding d spacing values, mentioned in fi@dBe indicated nature and the two planes of diffraction in the ypwdr
the DPP monomer (M1) is highly crystalline in natuifhe click microstructures due to the presencer-af stacking in between DPP
polymer P2 showed two broad XRD patterns with twetahvalues cores. The P1 polymer shows four peaks at 4.71,48.11, and
at 3.83 and 21.30 degrees. It was indicating tigalhhiamorphous 20.73 degrees of two theta values.

Figure 2. (A) Cyclic voltammetry graph and (BYRD patterns of monomers (M1 and M2) and polymBrs énd P2); Thermal analysis data (C) TGA and (D)
DSC curves of M1 monomer and click polymers (P1 B2y

groups have been incorporated separttelyFor surface
functionalization, we first synthesized 3-azidoprtgmethoxy
silane from 3-chloropropyltrimethoxy silane in aptim condition
following the previous literature procedure (EShgton scheme S4
M1 1.037  -5.437 -0.758 -3.642 1795 1.73 and figure S12). Next, the glass surfaces (2 ¢ em square
slides) were treated with piranha solution af®@dor 1 hour for
M2 1506  -5.906 -0.138 -4.262  1.644 - making the free hydroxyl groups on surfaces. Fer fdrmation of
azide functionalized glass surfaces (SAM surfatted,hydroxylated
P1 0.851 -5.251 -0.662 -3.738 1513 1.72 surfaces were reacted with 3-azidopropyltrimethdage in toluene
medium at 100C for 2 hours. After the completion of the reaction,
P2 0.970 -5.37 -0.652 -3.748 1622 1.75 the slides were washed with toluene and methanatideA
functionalized SAM were characterized by ATR-IR gpescopy
Table 1: HOMO, LUMO and Bandgap values (optical afettrochemical) where the characteristic peaks were observed ab 208" and

of monomers (M1 & M2) and polymers (P1 & P2) fronf @nalysis. 2870cnt corresponding to the fNand aliphatic Chl stretching
2.1.2. Preparation and characterization of click plymer frequency respectively (figure 3A). Graft to clickaction on the
functionalized surfaces by “graft to” method azide-functionalized surface was successfully edrgut by copper-

. . . based catalyst, as described in experimental s8tti&f It was
Since the above-mentioned polymer has alkyne aerfunctional jnitially confirmed by FT-IR and XPS analysis as whoin figures

group, it can be directly clicked to azide functtimed surfaces 3p and 3B. In ATR-IR, the disappearance of the attaristic peak
unlike the strategy used by other research groumsavend alkyne ot 5side at 2095 cih and the appearance of new polymer
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characteristic peaks at 1654¢m2850 cril, and 2925 cih was XPS spectrum of “graft to polymer” surfaces, theagipearance of
observed (Figures 3A). azide characteristic peak at 403 eV (-N=N’) was observed, and
the other N 1s peaks for amide and tertiary amirmugs have
appeared between 396-403 eV (4.09%), it was at&tbuo the
presence of triazole ring and diketopyrrolopyrrP) moieties in
the polymer backbonéd Moreover, the other characteristic peaks of
polymer functionalized surfaces like C(1s), Si(2pJls) and S(2p)
peaks were also present in the range between 2898.3- eV
(39.60%), 99.4-105.1 eV (19.44%), 529.5-536.4 e¥.18%) and
159.8-164.1 eV (0.09%) respectively (Figure 3B).

The success of the “graft to” click reaction on tpelymer-
functionalized surface was further confirmed by X&slysis, the
survey scan spectrum of the “graft to polymer” aoef was shown in
Figure 3B. Generally, for the XPS analysis of afigdectionalized
SAM surfaces, three kinds of nitrogen signals wayserved at 401
eV (-N=N"=N"), 402 eV (-N=N=N") and 403 eV (-N=KEN) due to
the presence of environmentally three differenteypf N atoms,
reported in the literature, while after polymer dtionalization in the

Figure 3. (A) ATR-IR spectra of non-functionalizedrface, azide-functionalized surface, and polyfuactionalized surface; (B) XPS survey spectrum of
polymer- functionalized surface; (C) Water dropheges and contact angle values of pristine gladdunctionalized surfaces; High-resolution SEM gas
of (D) polymer-functionalized surface (“graft to"atihod) and (E) polymer drop-casted on the surface

Those XPS results reveal that the “click” polymeswsuccessfully electronic environment of C-C (aliphatic chain), C=&rofnatic
grafted on the glass surface through 3-azidopropydthoxysilane ring), C=0 (cyclic amide), and C-O (ether) groupspessively,
SAM anchoring molecules by click reaction. Furthee, studied the present in the click polymer backbone of “Grafptymer” surface.
in-depth analysis of individual scan spectrum afhepeak (C 1s, N The binding energy of C-O and C=0 1s electrons peshkigher
1s, Si 2p, and O 1s) by deconvolution mefiotito understand the than the_C-C and C=C elements due to the more eledensity
chemical modification between inorganic $iglass substrate andcharacter present in the C=0 and C-O groups compartte C=C
organic polymer through 3-azidopropyltrimethoxysgéa SAM and C-C bonds. The deconvoluted peaks of N 1s elefoefgraft
anchoring molecules and the data were providedgard 4. As to polymer” surfaces were described in figure 4 Be Tpolymer
depicted in figure 4 A, the deconvoluted C 1s sigral polymer- grafted surfaces containing one type of N (1s) atomPP unit and
functionalized surfaces showed the typical fourdkinof peaks two types of N (1s) atom in triazole unit, attriedtto the successful
appeared at 283.4 eV, 284.0 eV, 285.1 eV, and 287 .@orrespond grafting of the click polymers on glass surfacesotigh click
to the binding energy of carbon (1s) regions withdifferent reaction. The corresponding N 1s peaks were obdeav898.1 eV,



400.1 eV, and 401.3 eV respectively representedaS=0 (cyclic
amide), -N=N- (triazole), and -N-N=N (triazole) gyms in figure 4

the Si-O-Si and Si-O-H groups in the glass and S4M also were
present at 102.5 eV and 103.1 eV respectively. ddwonvoluted O

B. Moreover, the small characteristic residual peak appeared at 1s peaks of “graft to polymer” surfaces were désatiin figure 4 D.
403 eV (-N=N=N), indicating the presence of unreacted azidEne two typical characteristic O 1s elements fdymer backbones

groups in polymer grafted surfaces. Figures 4 CZmltypically
showed the distinct deconvoluted peaks for Si @) O (1s) of an
inorganic substrate (SpOglass), SAM unit, and organic “click”
polymer layer present in the “graft to polymer” fages. In the
multiplex spectra of Si (2p) elements, we obsemedcharacteristic
peak of Si (2p) at 100.4 eV indicating the_O-Si-thébdformed
successfully, between the glass substrate and SAdleames
through silane-oxygen coupling reaction, since thiek polymer
was grafted at the head group of SAM layer on thesggsurfaces. In
addition, along with Si-C peak, the other Si 2p algrbelonging to

of “graft to polymer” surfaces have appeared at.530/ and 534.2
eV correspond to the carbonyl (C=0) and ether_(Cg®ups
respectively. However, the presence of other briveal peaks at
531.6 eV and 532.5 eV, indicates the O 1s elemgnak of Si-O-H
and Si-O-Si groups in “graft to polymer” surfac&@se deconvoluted
XPS spectra of individual elements (C 1s, Si 2p,d\dnd O 1s)
reveal clearly that the polymer functionalizatiomsvsuccessfully
happened on SAM-glass surfaces through the “graft

immobilization method.

t

Figure 4. XPS multiplex spectra of Polymer-fuontilized surfaces after deconvolution: (A) C 19;BLs; (C) Si 2p and (D) O 1s elements

2.2. Surface property characterization of azide-funtionalized

surface (SAM) and polymer-functionalized surfaces

The surface properties and surface morphologie® werdied by
water contact angle measurement, scanning elechicroscopy,
fluorescence microscopy, ellipsometry, and atomiorcd
microscopy. As observed from ellipsometry, the khi&ss of
polymer-functionalized surfaces and drop-castedasas were 90
nm and 110 nm respectively, which is more than dgeeerally
observed thickness of azide-functionalized surfa(@AM)’.

Ellipsometric thickness measurements at differdatgs revealed
the formation of dense polymer brushes for polyfuectionalized
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surfaces ("graft to" method). The grafting densitfy “graft to
polymer” surfaces were calculated using previotesdiure report by
XPS, ellipsometry and GPC analysis of click polyraad polymer
functionalized surfaces using the following equatie = [1pN, /
M,y whereo is grafting densityp is the density of the click polymer,
[is the thickness of polymer grafted surfaces, iMthe number
average molecular weight of click polymer angisithe Avogadro’s
number. The surface thickness,,Mand density values were found
to be 90 nm, 28522 g/mol, and 1.1 gq@ensity of polythiophene-
based polymer obtained from literature report) eetipely. The
grafting density of “graft to polymer” surfaces whmind to be 2



chains per nf indicating the dense coverage of click polymer osurfaces presumably due to a more orderly natiger¢ 5B, and
“graft to polymer” surface®’ 5C).

The surface morphologies and roughness profilesysem of
The contact angle measurement data revealed thadrthp-casted polymer thin films were studied by FESEM and AFMtiuments.
surface (1%+1°) has more contact angle value than polymeFrom the FESEM microscopic pictures of surfaceguie 3D and
functionalized surfaceso@+19, which may be attributed to more3E) we observed the “graft to” method provided stheo surfaces
roughness of the surface (figure 3 C). As a contha blank surface compared to drop-casted surfaces. This was alsolmmated by
showed the contact angle value3ot1°due to the presence of moreAFM analysis. The AFM topographic images of azide-
hydroxyl groups and high  smoothness. When  3dnctionalized surface (SAM), polymer-functionalizeurface, and
azidopropyltrimethoxy silane group has been intoedl on the drop-casted surfaces were presented in Figure 5BeF.azide-
surface by SAM formation, the hydrophobicity wascreases functionalized (SAM) surface, a non-feature morplggl with a
slightly up to57+1° SAM glass surfage attributed to the anchoring smoother surface (RMS roughness is 2.98 nm) wasakeOn the
of azido alkyl chains on the surfaces (figure 3 @8 we mentioned other hand, the polymer-drop-casted surfaces exkibithe
above, the click polymers have a fluorescent pitgpéemission crosslinked fibrillar ribbon structures with aggated form (surface
wavelength is 612 nm in the visible region), soha®e checked the roughness is 12.95 nm), plausibly due to the teayef DPP click
fluorescent nature of surfaces (after and beforaftigg) by polymer to form the self-assembled structures whep cast on
fluorescence microscopy in 40X magnifications witkcitation at surfaces as reported by xi et al, which showedillfior ribbon
550 nm (showed in figure 5A-C). The fluorescence rasicopic morphology*® The polymer-functionalized surfaces also showed th
images revealed that blank and azide-functionalgleds surfaces clear dispersed fibrillar morphology with more ig@s (surface
did not emit any fluorescent color at 550 nm exitita The polymer roughness is 8.43 nm), possibly due to the sefrabl of the DPP
immobilized surfaces (“graft to” and drop-castelywed strong red polymer backbone chains througtr stacking interactions in ‘Graft
emission. But in polymer-functionalized (“graft totmethod) to’ functionalization.
surfaces, emission occurs more evenly comparedrap-chsted

Figure 5. fluorescence microscope images of (Adexfinctionalized surface, B) polymer-functionatizurface (“graft to” method) and (C) polymer drop-
casted on the surface; Atomic force microscope doggghy images of (D) azide-functionalized surfa), polymer-functionalized surface (“graft to”
method), and (F) polymer drop-casted on the surface
in a 100 mL single neck round bottom flask, 500 afi¢ZnO was

2.3. Preparation and characterization of ZnO and clik polymer  dispersed in 50 mL of ethanol with sonication. Stameously
sensitized ZnO photocatalyst prepared the polymer (5 mg) solution in 5 mL ofakydrofuran.

Synthesis of ZnO particles from zinc acetate dibte and sodium The polymer solution was added drop-wise into Zri€pefsion
hydroxide was performed under optimum conditiond #re solid followed by 2 hours of stirring vigorously. The hsents were
particles were dried at 120 °C for 24 hours undatuunt’. The evaporated and finally bluish-white solid was ol after drying.
polymer sensitization of ZnO semiconductors wasfgpered by (480 mg).
making the composites of ZnO with 1 wt% of polyniieR). Briefly,



The pristine ZnO and polymer sensitized ZnO catalypolymer-
Zn0O) were characterized by FT-IR, UV-Vis DRS, UV-ftascence,
XRD, and SEM analysis (provided in ESThe formation of ZnO
was confirmed by FT-IR spectrum (see in ESI figut®)Sand it has

conditions were used to understand (i) the effdctthe initial
concentration of dye, and (ii) the effect of ir@ihn time. The
detailed experimental setup for the dye degradatimtedure was
described irES.¥

characteristic peaks at 430 ¢mattributed to the Zn-O bond In the composites of diketopyrrolopyrrole conjughp®lymers with

stretching frequency. In the case of polymer-Zni@® peaks were

ZnO (P2-Zn0O), the polymer can be strongly boundtloba ZnO

observed at 1750 chn The peaks between 2950-3010 “tmsurfaces due to having the different heteroatoike 8, N, and O) in

corresponds to the amide C=0 bond and C-H bond @iorand
aliphatic) stretching frequency of click polymerob solid-state
UV DRS spectroscopy (ESI figure S14 A and S14 B) wwioed
the bandgap value of pristine ZnO and click polyir) at 3.10 eV
and 1.55 eV respectively which belongs to theirebrebsorption
wavelength. After polymer incorporation, the barggmergy did
not change significantly due to the non-covaleteraction between
polymers and ZnO. In the composite of polymer andOZ
broadening of absorption band between 400 - 80Qvamobserved.
The photoluminescence spectra of zinc oxide oriR@-axide were
obtained from ethanol at an excitation wavelendtB5® nm. In the
case of ZnO (ESI figure S15), four bands in theyemnof 380 to 453
nm were noticed. The band at 380 nm may be ataibtd near band
edge (NBE) emission of zinc oxide, which was sligtghifted to
384 nm in the composites. Slight shifting of otleenission bands
was also observed in the nanocomposites. Howavareases in the
fluorescence intensity from P1-ZnO to P2-ZnO (coragawith ZnO
bands) are high possibly because of the electmmsfer between
polymer and ZnO. XRD was performed for ZnO and thegosites

polymer backbones. Since the click polymer haveoderately low
bandgap (1.7eV) with a broad range of absorptid@0-800nm), it
can facilitate to act as a photosensitizer for Zvith wide bandgaps.
On the other hand, for preparing the film photolyata, we obtained
photosensitizer film by drop-casting the very thayer of ZnO
particles on polymer functionalized surfaces (“Graf polymer”-
ZnO). This was done by keeping in mind that the siiis
mechanism of photocatalytic degradation involves tholymer
molecules absorbing a greater number of photonsa(se of a
broad range of absorption) The high electron temgfoperty of
polymers can facilitate the transfer of electroms UMO of
polymer) to LUMO of ZnO. Then the electrons andesotan react
with O, and HO respectively in dye solution to formy©and OH
radicals. These active radical species can be tasddgrade the dye
molecules (figure 8).

2.4.1. Photocatalytic degradation of RhB and MB dy& using
ZnO powder, P2-ZnO composite, ZnO films, and P2-ZnOilms
drop-casted) under sunlight irradiation

Figure 6(A) and ESI table S1 show the effect ofdbecentration of

to study the crystallinity(figure S16. For ZnO, crystalline peaks dye content on dye degradation. Interestingly, Zra@alyst (20mg)

were observed as several sharp peaks in the rdr8je-076 degrees
in line with reported values to indicate good amswof crystallinity.
The crystallite size of Zinc oxide is at aroundr8i and for polymer
P2 — Zinc oxide composite it was observed at aro@8dnm,
plausibly because of physical adsorption, which lealp to improve
photocatalytic efficiency. In the P2-ZnO XRD patteanbroad peak
between 15 to 35 degrees can be attributed to theepce of
polymer. Further, dynamic light scattering (DLS) swased to
analyze the sizes of particles (figure S17 in E8ihjch showed
sizes of ZnO and P2-ZnO particles were in the rarge473.8 nm
and 472.5 respectively. The surface morphology staslied by
scanning electron microscopy (SEM), (in ESI fig@®&8 to show
that the ZnO particles have irregular shape moqayotue to more
agglomeration. In the case of P2-ZnO, images shdivegresence
of a polymer matrix that can prevent agglomeration.

2.4. Photocatalytic dye degradation study evaluatio
Photocatalytic dye degradation studies were unklemtaseparately
using click polymers synthesized in solution, adl ae the polymer
functionalized surfaces, particularly for compansoFirst, to
evaluate the photocatalytic efficiency, we prepatieel composite
catalysts (P2-ZnO) from ZnO and click polymer (PRydr making
thin-film catalysts, either ZnO was drop-casted @olymer
functionalized surfaces (abbreviated as ‘Graft adymer’-ZnO) or
already prepared P2-ZnO nanocomposites were drstpara the
glass surface (abbreviated as P2-ZnO film). Zn@aloas also drop
cast separately to make the ZnO film. For compariaod a better
understanding of photocatalysis under different ditions, we
performed the photocatalytic degradation studiesrfaidaminB
(RhB) and Methylene blue (MB) dyes by different cadtdylike ZnO
powder, P2-ZnO powder, ZnO film, P2-ZnO film, an@raft to
polymer”-ZnO films under natural sunlight. Diffeteaxperimental

offered around 25% dye removal in 12 ppm concentrdiut while
in the case of P2-ZnO composites, effective dyerattfion was
77% in the same condition, indicating that the pbensitization
occurs when the light was irradiated on the conipssbystem
during the photocatalytic dye degradation. On theeohand, the
film photocatalysts showed high catalytic efficigrfor ZnO film at
43% and for P2-ZnO film (drop-casted) at around 8&%tmpared to
their powder form catalysts, which may be attrildute an increase
in the surface area of catalysts covered by dyatisol while making
films. To calculate the rate of the reaction ofotatalytic
degradation, we have performed photocatalysis fferdnt time
intervals of irradiation. The efficiency was acteevby using P2-
ZnO film at around 99% dye removal in 180 min (shaw figure
6B and table S3). We obtained the rate constanesaiti0.004 min
!, 0.016 mirt, 0.007 mif* and 0.021 mif for ZnO, P2-ZnO, ZnO
film, P2-ZnO film catalysts respectively. Theseules reveal that
the rate of the reaction values with P2-ZnO filntabgst increased
five times compared to bare ZnO catalyst indicatithgt the
diketopyrrolopyrrole conjugated polymer plays arpartant role in
photocatalysis (figure. 6C and table S5). The UV-$figctra of the
solution show the gradual decrease in the absorptitues during a
different time of irradiation (Figure 6D). The picial images of dye
solution (after and before irradiation) also indécthe near-complete
degradation in 3 hours. Further, we studied thetquatalytic
activities of prepared P2-ZnO composites by stuglyithe
degradation of methylene blue dye under naturdighirby varying
the initial concentration of dye solution (5ppm,ppéh, 15ppm,
20ppm, 25ppm, and 30ppm) and the effect of irréatiaime (0 min,
30 min, 60 min, 90 min, 120 min 150 min and 180 )miimilarly,
we observed the P2-ZnO film catalyst can degrageniaximum
amount of MB dye molecules of around 92.4% withinh@urs



irradiation in 30 ppm of dye concentration whichswagher than the
both pristine ZnO film (63.9%) and P2-ZnO (77.6%9mposite

catalysts due to the enhanced photosensitizing eprppby

conjugated polymer (P2) to the ZnO nanoparticled due to the
film formation with a high surface area of ZnO (ESbure S20,
table S2, S4, and S6).

Figure 6. Photocatalytic degradation of Rhodamin@RBB) dye using ZnO,

The above photocatalytic dye degradation (RhB and MBs4
experimental results reveal that the conjugatedkciolymer-
composite has acted as a good photosensitizer mat@oule with
ZnO nanoparticles and it can enhance the cataijiity by making
the complete degradation of organic dyes (RhB and Wi#)in 3
hours as a film photocatalyst.

P2-ZnO composite, ZnO filBbm@ coated on the glass surface), and P2-ZnO

film (composite coated on the glass surface) seéggrdA) plot showing the effect of initial condeation, (B) plot showing the effect of irradiatitime, (C)
Kinetic study plot, and (D) UV Vis spectra of satut after irradiation in different time intervalsing P2-ZnO film catalyst (in-setted picture: picabimages

of dye solution before and after 3 hr of irradiajio

2.4.2. Photocatalytic evaluation of ZnO films (ZnO cated on the
surface) and “Graft to polymer’-ZnO film [ZnO-coated on

polymer-functionalized (“graft to” method) surface]

The influence of the “Graft to” surfaces on photabgic

degradation of RhB dye with ZnO nanoparticles wasdistl
systematically by varying the ZnO contents and #mmeously
comparing with controlled ZnO films (shown in figur). First, we
prepared the ZnO and “Graft to polymer”-ZnO filmsdrop-casting
the ZnO nanoparticles with different amounts (1 égng, 3 mg, 4
mg, 5 mg, and 6 mg) on glass and polymer-functieed!surfaces,
respectively. Then the ZnO films and “Graft to pobr’-ZnO film

surfaces were used as a film photocatalyst in iadédytic
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degradation of RhB dye with 10 ppm initial concendratunder 2
hours sunlight irradiatiarFigure 7A plot showed the removal of dye
in terms of percentage after irradiation using Za@d “Graft to
polymer”-ZnO surfaces with 1 mg to 6 mg, and frdmstplot, we
observed there is no significant variation in pleatalytic efficiency
with ZnO and “Graft to polymer”-ZnO films presumghidecause in
both cases the ZnO amount was too high causingréneention of
charge transfer (ESI table S7). Consequently, wpapea the films
with ZnO dosage of 0.2 mg, 0.4 mg, 0.6 mg, 0.8 Ing,mg, and 1.2
mg and performed the photocatalytic experiment wite same
experimental conditions under sunlight. As obserfresn Figure
7B, we can see that the catalytic efficiency waghsly different in
both catalysts, from 0.6 mg to 1.2 mg. But in theecaf film



surfaces with 0.2 mg and 0.4 mg of ZnO dosagerge leariation in
catalytic efficiency was observed (ESI table S&)tirer, we again
reduced the ZnO dosages on polymer-functionalizedaces to
optimize the catalytic efficiency. For that, we paeed ZnO and
“Graft to polymer”-ZnO films with 0.05 mg, 0.1 m@,15 mg, 0.20
mg, 0.25 mg, and 0.3 mg of ZnO nanoparticles. Agiaied in

Figure 7. Photocatalytic dye degradation using Zit@s (ZnO-coated on

Figure 7C, we observed the large variation betwasd Znd “Graft
to polymer”-ZnO film catalyst with 0.15 mg to 0.28g of ZnO in
dye degradation. It can be attributed to the changerystallinity
while processing the films (ESI table S9).

unfunctionalized surface) d@daft to polymer”-ZnO film [ZnO-coated on

polymer-functionalized (graft to method) surfacéfhwarying amount of ZnO: (A) 1 mg, 2 mg, 3 mgng, 5 mg, and 6 mg; (B) 0.2 mg, 0.4 mg, 0.6 mg, 0.8

mg, 1.0 mg and 1.2 mg; (C) 0.05 mg, 0.1 mg, 0.150rymg, 0.25 mg and 0.

Figure 8. Possible Mechanism of photocatalytic dggradation with P2-
ZnO film catalyst

3. EXPERIMENTAL PART
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3 mg; (D) 0.02 mg, 0.040r@6 mg, 0.08 mg, 0.1 mg, 0.12 mg

3.1. Raw materials and solvents

Thiophene-2- carbonitrile, dimethyl succinate, bfhododecane, N-
bromosuccinimide (NBS), palladium diacetate,
ethynyltrimethylsilane, triphenyl phosphine, coppedide, aniline,
hydroquinone, paraformaldehyde, sodium azide, agpjsilphate
pentahydrate, Rhodamine B (RhB) dye, dichlorometharteydaous
THF and anhydrous dimethylformamide (DMF), 2-metByl
butanol, were purchased from Aldrich chemical camp Silica gel
(100-200 mesh), sodiun nitrite, anhydrous sodiuriphsate, zinc
acetate dihydrate, potassium carbonatgC(®;) sodium hydroxide,
potassium tert-butoxide, hydrochloric acid, hydwhic acid, acetic
acid, petroleum ether, hexane, chloroform, ethaantl methanol
were purchased from Merk India chemical company aseéd
without any further purification. Azidobenzef@mpound S7)was
synthesized from aniline by following previous titure repoff.
Distilled water was used in all the cases.



3.2. Synthesis of monomers:

The diketopyrrolopyrrole-based dialkynaf28dDPP monomer
(M1) was synthesized using slight modification of methmeported
in literature and detailed experimental proceduss yprovided in
ESI (as per the reaction scheme S1). In briet, fis6-di(thiophen-
2-y)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) was rihesized from

3.3. Click polymerization
3.3.1. Synthesis of click polymerP1:

In a clean and dry 25 mL double-neck round botttaskf under a
nitrogen atmosphere, the compound M1 (0.292 mmat) M2

(0.292 mmol) was dissolved in anhydrous tetrahydwof. The
reaction mixture was again degassed withgls. Then 5 mol % of

2-thiophene carbonitrife Then (3,6-bis(5-bromothiophen-2-yl)-2,5-Cul and 0.2 mL distilled diisopropylamine was dis®al into the

didodecylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) svaeacted with
ethynyltrimethylsilane under Sonogashira couplingaction
condition and deprotected with,®Os/methanol to obtaimonomer
M1 (2,5-didodecyl-3,6-bis(5-ethynylthiophen-2-yl)pyia[3,4-
c]pyrrole-1,4(2H,5H)-dioné) The diazide AMDDB monomer (1,4-
bis(azidomethyl)-2,5-bis(dodecyloxy)benzene) (M2) was
synthesised from quinol, by slightly modified lagure procedufe
as shown in ESI reaction scheme S2.

3.2.1. Model click reaction on DADPP molecule (1 ischeme 2):
Synthesis of 2,5-didodecyl-3,6-bis(5-(1-phenyl-1H2,3-triazol-4-
yhthiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(compound 1):

Phenylazide CiH
CuS0y .5H,0/Na-Ascarbate
H,0:EtOH
50°C, 12 hour
N atm

M1

Scheme 2.Synthesis of 2,5-didodecyl-3,6-bis(5-(1-phenyl-1}2;3-triazol-
4-ylthiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)ione(1)

Compound M1 (70 mg, 0.102 mmol), azidobenzene (36 0D6
mmol), copper(Il)sulphate pentahydrate (Cy$8,0) (1.2 mg,
0.005 mmol), and sodium(L)ascarbate (2.0 mg, O0.@h@ol) were
taken in a 25 ml two-neck round-bottomed flask aadbtled a
mixture of solvents (5 mL of water and 5 mL of etbh under N

atm. The reaction mixture was heated up to 50°@2ohours under
N, atm. Then the reaction mass was quenched withrasatl
ammonium chloride solution and extracted with 10Q rof

chloroform (two times). Then chloroform layer wasparated,
passed through anhydrous sodium sulphate. Sohastemoved by
a rotary evaporator. The crude solid was purified dnloumn
chromatography using 50 % chloroform in hexane.alyin we

obtained a purple red color solid (70 mg, 78%) NMR (CDCE,

400 MHz) Chemical shift in ppm: 9.05 (d, 2H, Ar-Hi@iphene)
J=4.1 Hz), 8.24 (s, 2H, triazole ring C-H), 7.79, @H Ar-H

(thiophene) J=8.0 Hz) 7.77 (t, 4H, Ar-H (pheny$)57-7.50 (m, 6H,
Ar-H (phenyl)), 4.15 (t, 4H, N-Ch), 1.78 (m, 4H, N-CHCH,),

1.46 (m, 4H, N-CHCH,-CH,), 1.36-1.22 (m, 32H, n-CHi and
0.86 (t, 6H, CHCHs) ppm. **C NMR (CDCk, 100.64 MHz)
Chemical shift in ppm: 161.32, 142.55, 139.53, 137.836.37,
129.92, 129.33, 129.21, 125.63, 118.01, 109.62,.210876.71,
42.38, 37.9, 31.92, 30.15, 29.71, 29.63, 29.5156%929.36, 26.96,
22.69, and 14.1 ppm. FT-IR (KBr) Stretching frequen8g05,

3050, 2920, 2850, 2140, and 1663tm
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small vial and degassed with, Njas. After 5 mins this solution
becomes a yellowish-green color. This solution wlrged into the
reaction mass in one portion. Then heating wadestaand the
reaction condition was maintained at 50°C for 72rhowfter 72

hours violet color reaction mass was obtained. Sbkent was

removed using a vacuum and charged 100 mL of cfdoro The

chloroform layer was washed with saturated ammorahloride and

water two times. Finally, the organic layer was aafed and
distilled out of the solvent. The solid was refpéated with a

chloroform-methanol mixture. The click polymer Pbnaurified by

soxhlet extraction using methanol, acetone, dietbther, and
chloroform sequentially. Pure polymers were obtdirfeom the

chloroform layer.'H NMR (CDCk, 400 MHz,) Chemical shift in
ppm: 9.04-8.81 (broad, 2H, Ar-H (thiophene)), 7788 (broad, 1H,
triazole-H), 7.40-7.25 (broad, 2H, Ar-H (thiophenep.85-6.70

(broad, 2H, Ar-H (phenyl)), 5.58-5.40 (broad, 4t&nhyl-H), 4.10-

3.75 (broad, 8H, N-C}J, 1.82-0.60 (n-CHand CH group of alkyl

chains) ppm. FT-IR (KBr) Stretching frequency: 302038 and

1657 cm'.GPC; Mn value of P1 is 7435.

3.3.2. Synthesis of click polymer P2 :

In a cleaned and dry 25 mL two neck round bottask]l monomers
M1 (0.292 mmol) and M2 (0.292 mmol) were taken audled 5
mol% of Cu(ll)SQ.5H,0, Na-ascorbate (5 mol%), distilled
diisopropylamine (0.2 mL), and anhydrous tetrahfuhan (5 mL).
Again, the reaction mixture was degassed wittghk. The reaction
mixture was heated at 50°C and maintained the mradbndition
for 48 hours in the Natmosphere. Visual changes of the reaction
mass color from red to violet-red, along with ardigation of
viscosity increase was also observed. After corigpietof the
reaction, the solvent was removed under vacuumchadged 100
mL of chloroform into the reaction mixture followdsy washing
with saturated ammonium chloride solution and wates times.
The organic layer was separated out and passedigthrahe
anhydrous sodium sulphate. The solvent was digtifiat and the
crude solid was purified by reprecipitation with chloroform-
methanol mixture. The polymers P2 was further pedifby the
soxhlet extraction method sequentially by differesblvents
(methanol, acetone, diethyl ether, and finally obfiorm). Finally,
pure polymer P2 was obtained from the chloroforaction. *H
NMR (CDCl, 400 MHz) Chemical shift values in ppm: 8.97 (2H,
Ar-H (thiophene)), 7.82 (1H, triazole ring C-H),41. (2H, Ar-H
(thiophene)), 6.90 (2H, Ar-H (phenyl)), 5.54 (4Herizyl-H) 4.23-
4.10 (4H, N-CH), 4.05-3.91 (4H, O-Ch), 1.75-0.69 (CHand CH
groups in aliphatic chains) ppm. FT-IR (KBr) Stretghfrequency:
3080, 2920 and 1650 cmGPC; M, value for P2 polymer is 5967.

3.4. Functionalization of surfaces with click polyrers (Graft To
approach) on self-assembled monolayer (SAM) of azd



In a 100 mL single neck flask, under, Mtmosphere, azide-

functionalized glass surfaces (5 number), 5 mg lak gpolymer

(P2), and 7.5 mL of anhydrous tetrahydrofuran weken. Then 1
mg of Cul, 0.02 mL distilled diisopropylamine, ands2mL of

anhydrous DMF were added into the small vial angadseed with
N, gas. After 5 mins this solution becomes a yellbwiseen color.
This solution was charged into the reaction massi portion and
heated for 2 hours under reflux conditions. Thewdis cooled to
room temperature and ultrasonicated by 10 minsallyinpolymer

functionalized glass surfaces were washed sevénagst with

tetrahydrofuran and dried at 50°C under vacuum foo@rs. These
polymer-functionalized glass surfaces were stonedesiccators.

3.5 Preparation of drop-casted surfaces with polynre

We dissolved 1 mg of click polymer (P2) 10 mL of
chloroform to prepare a polymer stock solution (1@m

concentration). Then 2@L of polymer solution were drop casted orComputational

the glass slides (square slides 2.5 cm x 2.5 cnBOafC. The
resulting drop-casted polymer surfaces (it conterni2 ug of click
polymer) were dried at 50°C for 6 hours and it wasdufor further
surface characterization studies as a control sampl

3.6. Preparation of P2-ZnO composite

The polymer-ZnO composite (P2-Zn0O) was pregdry using a
previously reported procedure. Initially, we pregghra dispersed
solution of ZnO (495 mg of ZnO in 100 mL of methfneith half
an hour of sonication. Meanwhile, we prepared thek golymer
solution by dissolving 5 mg of polymer in 5 mL dfleroform. Then
the polymer solution was added drop-wise into ZniQpetsed
solution and the mixture was maintained underisgriconditions
for 1 hour at ambient temperature. Then the so$verdre removed
by a rotary evaporator. Finally, we got P2-ZnO cosife material
(485mg, purple color solid) after drying at 110 °@ fLl2 hours.
These composite materials were used for photodetayperiments
directly**,

3.7. Preparation of unfunctionalized surfaces coatewith ZnO
and unfunctionalized surfaces coated with P2-ZnO cuoposite

We prepared the ZnO-coated surfaces with diffeaembunts of ZnO
nanoparticles by drop-casting on glass surfaces dontrol

experiments. Initially, we took 5 mg of ZnO nandjes in a vial

and made a dispersed solution with 2.5 mL of ethafben the
dispersed ZnO solution was drop-casted on the glaaces at 90
°C. The ZnO film was dried at 110°C for 12 hours befoeing used
in a photocatalytic experiment. For preparing tieZRO-coated
surface, we measured 5 mg of P2-ZnO composite ande nthe
dispersed solution in 2.5 mL of ethanol. Then tiepersed P2-ZnO
solution was drop cast on the glass slides. Thdtheg P2-ZnO film

was dried at 110°C for 12 hours before use.

3.8. Preparation of znO films (ZnO-coated on unfunctionalized
surface) and “Graft to polymer”- ZnO films [ZnO-coated on polymer-
functionalized (graft to method) surface]

We prepared ZnO films and “Graft to polymer”-ZnQmfs with

different amounts of ZnO nanoparticles on “Graft golymer”

surfaces [polymer-functionalized surfaces] by doagting method.
For that we prepared two set of ZnO dispersed isolutvith

different weights like (i) 0.02 mg, 0.04 mg, 0.0§,n®.08 mg, 0.1
mg, 0.12 mg, (i) 0.05 mg, 0.1 mg, 0.15 mg, 0.2 ®E5 mg, 0.3
mg, (iii) 0.2 mg, 0.4 mg, 0.6 mg, 0.8 mg, 1.0 mg g, (iv) 1 mg,
2 mg, 3 mg, 4 mg, 5 mg, and 6 mg. Then the disdesséutions
were drop casted on glass surfaces and polymetidumatized

surfaces at 90°C to get the ZnO and ‘Graft to polyd®O films

respectively. Finally, the films were dried at 1C0for 12 hours.

4. CONCLUSIONS

Diketopyrrolopyrrole-based triazole-linked “clickjolymers were
synthesized successfully using two different coggsesed catalysts.
models and theoretical calculationedisted

localized HOMO, LUMO, and fairly low band gaps beem the
energy levels. Further, self-assembled monoléyaM) formation

followed by the “graft to” method of immobilizatiowas used
successfully to immobilize those polymers to swefa¢“Graft to

polymer” surfaces). Fluorescence microscopy, atoniarce

microscopy (AFM), scanning electron microscopy attter analysis
confirmed a denser and more regular surface cogerdgn SAM

formation followed by graft to techniques were usather than
conventional drop-casting technique. This was &nrthonfirmed
from the calculations of grafting density using XR8d other
techniques. Finally, the surfaces in combinationthwiznO

nanoparticles have been used as third-generatimtogdtalytic

chips for the degradation of polluting dyes.
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