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Abstract: A lternating d onor-acceptor conjugated polym ers, w idely investigated due to their applica­

tions in organic photovoltaics, are obtained m ainly by  cross-coupling reactions. Such a synthetic route 

exh ibits lim ited  efficiency and requires using, for exam ple, toxic p allad ium  catalysts. Furtherm ore, 

the coating process dem ands solubility o f the m acrom olecules, provided by  the introduction of alkyl 

sid e chains, w h ich  have an  im p act on  the prop erties o f the final m aterial. H ere, w e p resent the 

synthetic route to ladder-like d o n o r-accep to r polym er bru sh es using alternating copolym erization  

o f m odified styrene and m aleic anhydride m onom ers, ensuring proper arrangem ent of the pendant 

d onor and  accep tor groups a lo n g  the p olym er chains grafted  from  a surface. A s a proof o f con­

cept, m acrom olecules w ith  p end ant thiophene and benzothiadiazole groups w ere grafted by m eans 

o f R A FT and  m etal-free A TRP p olym erizations. D ensely  packed  bru shes w ith  a th ickness up to 

200 nm  w ere obtained in a single polym erization process, w ithout the necessity of using m etal-based 

catalysts or b u lk y  su bstitu ents o f the m onom ers. O xid ative p o lym erization  using FeC l3 w as then  

applied  to form  the conjugated chains in a double-stranded (ladder-like) architecture.

Keywords: donor-acceptor polym ers; polym er brushes; alternating copolymers; RAFT polym erization; 

m etal-free ATRP polym erization

1. Introduction

The developm ent of conjugated polym ers (CP) is of particular im portance to the 
solution of crucial w orldw ide challenges as they have found application in m any various 
devices, such as solar cells [1], light-emitting diodes [2], energy storage [3], sensors [4 ], w ear­
able equipm ent [5 ], and im plantable devices [6], w hich can address health-, environm ent-, 
or energy-related issues. Such a w ide spread of application fields is determ ined m ainly 
by  advantages of conjugated m acrom olecules, w hich include prim arily low  costs [7], flex­
ib ility  [5],  and facile processability  [8] . O ne particular type of CP are copolym ers bu ilt 
from  alternating electron-donating and electron-w ithdraw ing m onom ers, w hich w ere in­
troduced by the H avinga group and are called donor-acceptor (D -A ) polym ers [9 ]. Apart 
from all desired properties assigned to their analogous homopolymer, they exhibit some ex­
traordinary features, especially low energy bandgap [10]. The reduction of gap w idth could 
be achieved due to the interaction between the donor and acceptor molecules, w hich results 
in the hybridization of the H OM O and LUM O orbitals of both m oieties and the formation 
of chains w ith a stabilized quinonoid form [11]. Furtherm ore, m acrom olecules com posed 
of alternating donor and acceptor moieties reveal improved optical and electronic behavior. 
They are characterized by  h igh m olar extinction coefficient [12] and strong absorption 
of long w avelength of visible near-infrared light [13], as w ell as enhanced m obility  of 
charges [14] w ith intram olecular charge transfer, due to strong p u sh-p u ll effect [15]. That 
is w hy they are considered one of the m ost prom ising m aterials for the construction of 
efficient light-harvesting system s [16].
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The proper adjustm ent betw een energy levels in D -A  polym ers is possible, thanks to 
a variety  of m onom ers available for polym erization. Thiophene-based m oieties, such as 
fused-ring benzodithiophene or cyclopentadithiophene, are com m only used electron-rich 
m oieties [17]. They ow e a donor character to a sulfur lone pair, w hich contributes to 
the n  system , and they are com m only applied as m acrom olecules based  on thiophene, 
w hich are characterized by  a dom inating quinoidal character [17] and desired edge-on 
orientation [18]. A cceptor m olecules are often based on the thiadiazole heterocycle, for 
exam ple, d ifluorobenzothiadiazole [17]. The com bination of these tw o types of m oieties 
along the chain  ensures a noncovalent intram olecular interaction betw een sulfur and 
nitrogen atom s, w hich  have an im pact on polym er assem bly [19]. W hat is m ore, the 
features of both m oieties could be further adjusted by proper selection of substituents [2 0 ] 
and are successfully applied in low -bandgap donor-acceptor polym er form ation [1 0 ].

The m ethodology applied to the synthesis of D -A  polymers should provide a possibil­
ity o f alternating arrangem ent of m onom ers along the chain. T hat is w hy the num ber of 
available techniques is rather limited to catalyzed cross-coupling reactions [2 1 ] conducted 
according to Stille [22], Suzuki [23], and Sonogashira [24] or d irect arylation [25] m echa­
nism s. They all dem and rather harsh conditions, giving final products lim ited efficiency, 
som etim es in  a tedious m ultistep procedure. M oreover, such kind of synthesis requires 
the usage of expensive and environm entally harm ful palladium  or other m etal-based cata­
lysts, w hose residuals could affect the param eters of the final m aterial that are crucial in 
their electronic [26] and biom edical applications [27]. Im portantly, the m onom ers need 
to be substituted by, for exam ple, long alkyl chains to ensure solubility, providing the 
processability of the obtained polym ers [28]. The polym er solubility in an organic solvent 
is crucial for their applications, as the design of m ost devices utilize conductive polym er 
layers deposited from solutions [29].

The settling process is realized m ainly u sing relatively  easy, cheap, and fast coating 
techniques [29]. N evertheless, organic film s obtained using such techniques are not co­
valently  bound to the surface; hence, they have lim ited stability and m ay be prone to 
dew etting [30]. M oreover, they consist of tangled polym er chains that disturb the energy 
and/or charge transfer process [31], and a precise arrangem ent of the active moieties w ithin 
such films w ould m im ic the natural light-harvesting system s that are highly desired [32]. 
The electronic properties of casted polym er layers are also obstructed by the presence of side 
bulky substituents, introduced to provide the solubility of the m acrom olecules [33]. These 
undisputed problem s could be overcom e by the form ation of conjugated surface-grafted 
polym er brushes (PB), w hose architecture takes into account the presence of m olecular 
w ires connected to the substrate via chem ical bonds in  a perpendicular orientation w ith  
respect to the surface. This type of arrangem ent of polym er chains w as proved to ensure 
m uch better stability [34] and electrical perform ance [35], w hen com pared w ith  sim ilar 
m acrom olecules obtained in solutions.

PB could be obtained u sing tw o general approaches, nam ely, the "g raftin g  to "  and 
"g raftin g  from ". W hile the form er m ethod requires synthesis of soluble m acrom olecules, 
which are next tethered to a surface, the latter one is based on the growth of polym er chains 
directly from  the substrate decorated w ith appropriate initiator m olecules [36] . U sing the 
"g raftin g  from " technique creates an opportunity  to achieve a higher grafting density  of 
macrom olecules, as there is no steric hindrance, w hich can im pede the process of deposition 
of new chains on the substrate [36]. However, the characterization of chains connected to the 
surface is m ore challenging than those dissolved previously in a solvent [37]. The surface- 
initiated polym erization approach is usually  used to obtain PB, applying, am ong others, 
ATRP (atom transfer radical polymerization) [38], RAFT (reversible addition-fragm entation 
chain  transfer polym erization) [39], N M P (nitroxide-m ediated polym erization) [40], or 
PIM P (photoiniferter-m ediated polym erization) [35] techniques.

The synthesis of conjugated PB is, how ever, m ore challenging and dem ands the ap­
plication of other synthetic paths, as radical polym erizations typically  cannot lead to the 
direct form ation of conjugated m acrom olecules [41]. That is w hy the growth of the chains



is realized m ainly by Kum ada catalyst transfer polycondensation or oxidative polym eriza­
tion [42]. N evertheless, the application of a so-called self-tem plating approach allowed us 
to use RDRP (reversible-deactivation radical polymerization) techniques to obtain polymer 
brushes w ith pendant groups, w hich w ere then subjected to reactions to create conjugated 
chains attached to nonconjugated  ones. Such procedure w as successfully applied to the 
syntheses of PB w ith thiophene-based m onom ers linked by oxidative polym erization with 
FeC l3 [35,38] or acetylene ones, w here a conjugated chain  w as generated by m eans of 
rhodium -catalyzed polym erization [34]. M oreover, m acrom olecules obtained this w ay 
form a ladder-like architecture, w hich is characterized by  an even m ore ordered structure 
and higher stability [43].

The m ethodology of the synthesis of alternating D -A  polym er brushes not only should 
fulfill all requirem ents im posed to get conjugated chains, but also m ust ensure an alternat­
ing arrangem ent of m onom ers along the chain . We reported already the m ethodology of 
the synthesis of D -A  PB u sing the Sonogashira, Stille, and C lick  stepw ise processes [44]. 
The proposed m ethodology does not require the introduction of any bulky substituent, as 
it is based on the "grafting from " approach, which does not require solubility of the formed 
chains. N evertheless, the w hole process is rather tedious and tim e-consum ing, leading to 
brushes w ith limited thicknesses, entailing the application of heavy m etal catalysts.

Here, we present a proof of concept of the synthetic m ethodology leading to alternating 
D -A  PB by using surface-initiated reversible-deactivation radical polym erization technique 
of the alternatingly polym erizable m onom ers. Styrene and m aleic anhydride derivatives 
were used, as they are know n for their tendency toward alternating copolym erization [45]. 
Thiophene (electron donor) and benzothiadiazole (electron acceptor) w ere attached to 
styrene and maleic anhydride, respectively, and the copolym er brushes were formed using 
surface-initiated RAFT polym erization and m etal-free ATRP. The influence of the reaction 
tim e and grafting density on the thickness of the polym er layer w as investigated using 
spectroscopic ellipsom etry and atom ic force microscopy, w hile the elem ental com position 
of the m aterial w as proved by X PS and IR  m easurem ents. Finally, the pendant donor 
and acceptor groups w ere linked by m eans of oxidative polym erization w ith  FeC l3 .  The 
m ethodology enables the formation of PB w ith a broad range of thicknesses due to the chain- 
growth m echanism  of the applied polym erization. M oreover, the form ation of conjugated 
grafted chains w ith  an alternating sequence of m ers is very  facile and does not need the 
application of m etal-based catalysts.

2. M aterials and M ethods
2.1. M aterials

10-Phenylphenothiazine (PTH , > 98% ), 2-brom o-2-m ethylpropionyl brom ide (BIB, 
98% ), 2-(dodecylthiocarbonothioylthio)-2-m ethylpropionic acid N -hydroxysuccinim ide 
ester (98%), (3-am inopropyl)triethoxysilane (APTES, 99%), (3-chloropropyl)triethoxysilane 
(ClPTES, 95% ), acetic anhydride (A c2O , 99% ), A IBN  (0.2 M  in  toluene), chloroform -d 
(CD Cl3, 99.8 atom  % D), dim ethyl sulfoxide-d (DM SO-d6, 99.9 atom  % D), silica gel (high- 
purity  grade, average pore size: 60 A  (52 -73  A ), 70 -230  m esh (63-200  gm , for colum n 
chrom atography), sodium acetate (CH3COONa, 99% ), sodium sulfate (Na2SO 4 , anhydrous, 
granular, >99.0% ), sulfuric acid (H2SO 4 , 95-97% ), and triethylam ine (TEA, >99.5% ) w ere 
all purchased from  and delivered by Sigm a-A ldrich (St. Louis, M O , U SA ). Tetrahydrofu­
ran (THF, 99.5% , extra dry over m olecular sieves, stabilized) w as purchased from  Acros 
O rganics (Geel, Belgium ). 3-Brom othiophene (97% ), 4-ethenylphenylboronic acid (97%), 
5-am inobenzo[c][1,2,5]thiadiazol (95%), m aleic anhydride (99%), N,N -dim ethylacetam ide 
(D M A C , anhydrous, 99% ), tetrakis(triphenylphosphine)palladium (0) (Pd(PPh3)4 , 98% ) 
w ere all obtained from  Fluorochem  Ltd. (H adfield, U K ). A m m onia (N H 3, 30% , cz.d.a.), 
chloroform  (C H O 3 , p.a.), dichlorom ethane (DCM, p.a.), diethyl ether (Et2O, p.a.), ethanol 
(EtOH, p.a.), ethyl acetate (p.a.), hexane (p.a.), hydrogen peroxide (H 2O2, 30% ), m ethanol 
(M eO H , p.a.), N ,N -dim ethylform am ide (DMF, p.a.), sodium  carbonate (N a2C O 3, p.a.),



toluene (p.a.), and tetrahydrofuran (THF, p.a.) w ere ordered from  C hem pur (Piekary 
Slaskie, Poland).

2.2. M ethods

A n Avance III H D  (400 M H z) spectrom eter (Bruker, Santa Barbara, CA , U SA ) w as 
applied to register N M R  spectra. A ll data are presented in reference to the solvent resid­
ual signal of chloroform -d (6  = 7.26 ppm  in case of *H  N M R  and 6 = 77.16 ppm  for 13C 
N M R) or D M SO-d6 (6  = 2.50 ppm  in  case of XH  N M R  and 6 = 39.52 ppm  for 13C N M R). 
FTIR  spectra w ere recorded using a N icolet iS10 spectrom eter w ith  an M C T/A  detector 
(Therm o Fisher ScientificTM, W altham , M A , U SA ). In the case o f m onom er sam ples, the 
ATR accessory (Sm art iTX) w as applied (num ber of scans: 128, range: 650-4000  cm - 1 , 
resolution: 4 cm - 1 , gain: 2.0), w hile for polym er brushes, the grazing-angle reflectance 
accessory w as used (num ber of scans: 128, range: 650-4000  cm - 1 , resolution: 8  cm - 1 , 
gain: 2.0). A ll spectra w ere presented after the baseline correction perform ed using the 
Om nic software. A M icrOTOF II (Bruker, Brem en, Germany) mass spectrometer with atm o­
spheric pressure chemical ionization (APCI) and a tim e-of-flight analyzer as a detector were 
used to record high-resolution m ass spectra of synthesized m onom ers. The absorbances 
of the m onom er solutions (transm ission m ode, range: 200 -8 0 0  nm , data interval: 1 nm , 
scan rate: 6 0 0  nm/min) and polym er brushes prepared on a quartz substrate (transmission 
m ode, range: 200 -1100  nm , data interval: 1 nm , scan rate: 150 nm /m in) w ere m easured 
by  a Varian Cary 50 U V -V IS spectrom eter (A gilent Technologies, Santa C lara, CA, USA ). 
A  spectroscopic ellipsom eter M 200U  (J. A. W oollam , L incoln, N E, U SA ) w as applied to 
evaluate the thickness of the polym er brushes on  silica surface. A ll values are presented 
as arithm etic m eans of at least 5 m easurem ents fitted to the C auchy m odel in the range 
550 -1000  nm  in  the C om pleteEA SE softw are. A ll A FM  pictures w ere collected using a 
D im ension Icon atom ic force m icroscope (Bruker, Santa Barbara, C A , U SA ) w orking in a 
soft PeakForce Tapping® m ode w ith  a ScanA syst-A ir cantilever (nom inal force constant: 
0.4 N /m ). Presented thickness data are arithm etic m eans of at least 10 m easurem ents, 
evaluated  using the N anoScope A nalysis softw are (Bruker, Santa Barbara, CA , USA ). 
To register XPS spectra, a PH I 5000 VersaProbe II spectrom eter (ULVAC-PH I; C higasaki, 
Japan) w as applied w ith  the m onochrom atic A lK a radiation source (E = 1486.6 eV). The 
presented values are calculated as arithm etic m eans of three m easurem ents. Surftens U ni­
versal equipm ent (O EG  G m bH , Frankfurt, G erm any) w ere used to estim ate the contact 
angle m easurem ents. Presented results w ere calculated as an arithm etic m ean of at least 
30 m easurem ents, perform ed in three locations. For the photopolym erizations, the set of 
LEDs emitting at Amax = 400 ±  5 nm was used, and the light intensity at the sam ples' surface 
equal to 18 ±  2 W /m 2 w as m easured by  a D elta O H M  H D 2302.0 light m eter equipped 
w ith a probe sensitive for the spectral range 400-1050 nm.

2.3. Procedures
2.3.1. Synthesis of M onom ers

A ll reactions w ere conducted under argon atm osphere. C om pounds signed as N, 
to the best of our know ledge, have not been  reported in the literature so far (based on 
SciFinder® and R eaxys® database).

3-(4-Ethenylphenyl)thiophene (St-D )

C om pound St-D w as synthesized according to the m odified procedure reported in 
the literature [46]. A  solution of 4-ethenylphenylboronic acid (1.5 g, 10.1 m m ol) in  EtO H  
(5 m L) w as added to the m ixture of 3-brom othiophene (1.5 g, 9.2 m m ol), 2M  N a2C O 3 

(9.2 m L, 18.4 m m ol), and Pd(PPh3)4  (0.32 g, 0.3 m m ol) in D M F (18 m L). The reaction w as 
left to proceed overnight at 80 °C. A fter cooling dow n to the RT, it w as neutralized w ith  
30%  H 2O 2 (5 m L), d iluted w ith  w ater, and extracted w ith  E t2O  (3 x  150 m L). C om bined 
organic layers was dried over anhydrous N a2SO 4 and concentrated in vacuo. The obtained 
crude m aterial w as purified by  colum n chrom atography (silica gel, hexane) to get final



product 1 as w hite solid (1.5 g, 85% ). 1H  N M R  (600 M H z, chloroform -d ) 6 7.57 (m , 2H ), 
7.45 (m , 3H ), 7.40 (m, 2 h ) ,  6.74 (dd, J  = 17 .6 ,1 0 .8  H z, 1H), 5.78 (dd, J  = 17.6, 0.9 H z, 1 h ) , 
5.26 (dd, J  = 10.8,0.9 Hz, 1H). 13C NM R (151 M Hz, chloroform-d) 6 142.1, 136.5, 135.4, 128.9,
1 2 7 .4 ,1 2 7 .1 ,1 2 6 .8 ,1 2 6 .6 ,1 2 6 .4 ,1 2 6 .3 ,1 2 0 .3 ,1 1 3 .8 . H RM S (APCI+): [M+H]+ calculated for 
C 12H 11S+: 187.0576; found: 187.0551. H RM S (A PCI- ): no ionization.

N -(benzo[c][1,2,5]thiadiazol-5-yl)pyrrole-2,5-dione (M a-A )N

To the m ixture of 5-am inobenzo[c][1,2,5]thiadiazol (3.1 g, 20.4 m m ol) in  anhydrous 
THF (2 mL), the solution of maleic anhydride (2.0 g, 20.4 mmol) in anhydrous THF (25 mL) 
w as added dropw ise. The reaction m ixture w as stirred overnight at RT, cooled dow n to 
5 °C, and left for crystallization. The obtained interm ediate w as filtered and next diluted in 
acetic anhydride (6.7 m L, 3.4 m m ol). The sodium  acetate (0.7 g, 8.2 m m ol) w as added to 
the prepared solution, and the reaction w as left to proceed overnight at 70 °C  and cooled 
down to 5 °C. The precipitated yellow ish product w as filtered, w ashed several times w ith 
w ater, and dried in  vacuo (3.5 g, 73% ). *H  N M R  (600 M H z, D M SO-d6 ) 6 8.20 (dd, J  = 9.3, 
0.7  H z, 1H), 8.10 (dd, J  = 2.0, 0 .7 H z, 1H), 7.74 (dd, J  = 9.3, 2 .0  H z, 1H), 7.29 (s, 2H ). 
13C NM R (151 M H z, DMSO-d6) 6 169.6, 153.8, 152.9, 135.0, 133.0, 128.8, 121.2, 118.3. HRMS 
(APCI+): [M+H]+ calculated for C i0H6N 3O 2S+: 232.0175.; found: 232.0169. HRMS (APCI- ): 
[M ]-  calculated for C 10H 6N 3O 2S - : 231.0102; found: 231.0104.

2.3.2. Substrate Preparation

The substrates used for grafting polym er brushes w ere cleaned according to the 
protocol described before by our team  [44] . Briefly, all sam ples w ere sonicated for 10 m in 
in  EtO H . A fter drying u nder the stream  of argon, the silica and quartz substrates w ere 
inserted into the so-called piranha solution (30%  H 2O 2 and H 2SO 4 I v:v, 1:3) for 15 m in at 
RT, w hile ITO  sam ples w ere pu t into a heated 50 °C  m ixture of 30%  H 2O 2 and 30%  aq. 
N H 3 (v:v, 1:1) for 1 h. Then, the substrates w ere w ashed out by a copious am ount of water, 
THF, and toluene. D ried sam ples w ere then dealt w ith  the source of air p lasm a (so-called 
plasm a pen) for 1 m in, followed by 30 m in U V -ozone cleaner treatm ent.

2.3.3. APTES D eposition for the Form ation of the Initiator M onolayer

The A PTES m onolayer w as deposited u sing the procedure described before by  our 
team  [44]. APTES (50 gL, 0.2 mmol) w as added dropwise to a vessel containing substrates 
im m ersed in  toluene (10 m L). The reaction m ixture w as left for 2 h at RT, and m odified 
plates were sonicated in toluene for 10 min, washed carefully w ith DCM, and initially dried 
under argon stream. Then, they w ere placed in vacuo for 24 h.

2.3.4. Initiator M onolayer for Surface-Initiated RA FT Polym erization

The substrates m odified w ith  the A PTES m onolayer w ere im m ersed in  a solution of 
TEA  (10 gL, 0.07 m m ol) in ethyl acetate (6  m L). The 2-(dodecylthiocarbonothioylthio)-2- 
m ethylpropionic acid N -hydroxysuccinim ide ester (23 m g, 0.05 m m ol) w as d issolved in 
ethyl acetate (4 m L), added dropw ise to the reaction m ixture, and heated to 50 °C. A fter
proceeding overnight, all sam ples w ere sonicated for 5  min in ethyl acetate, rinsed w ith a 
copious am ount of M eO H , and dried under the stream  of argon.

2.3.5. Surface-Initiated RAFT Polym erization

The substrate decorated with the initiator m onolayer was placed into a heated pressure 
tube equipped with a stirring bar. Then, the monom ers St-D (18.6 mg, 0.1 mmol) and M a-A  
(23.1 mg, 0.1 mmol) were added. The reactants were next dissolved in a mixture of dioxane 
and w ater (2 m L, v:v, 2:1), and 0.2 M  A IBN  in toluene (5.0 gL, 0.001 m m ol) w as added. 
The polym erization proceeded for a given tim e at 60 ° C, and the sam ple w as cleaned by 
sonication in THF and toluene and, finally, dried under the argon stream.



2.3.6. Initiator M onolayer for Surface-Initiated M etal-Free ATRP Polym erization

The form ation of the in itiator m onolayer for ATRP w as described previously b y  our 
team  [38]. After APTES deposition, the plates were inserted into a solution of TEA (0.4 mL, 
3.0 m m ol) in anhydrous D C M  (10 m L). Then the m ixture of BIB (0.37 m L, 3.0 m m ol) in 
anhydrous D CM  (2 m L) w as added dropw ise. A fter 1 h, the substrates w ere cleaned by 
5 m in sonication in D CM , rinsed carefully w ith  M eO H , and dried under the stream  of 
argon.

2.3.7. Surface-Initiated M etal-Free ATRP Polym erization

The m onom ers St-D (29.8 m g, 0.16 m m ol) and M a-A (37.0 m g, 0.16 m m ol) w ere 
dissolved in 0.3 m L anhydrous D M AC and added to PTH (3.0 m g, 0.01 m m ol). Then, one 
drop of the prepared reaction m ixture w as deposited on each substrate m odified w ith  
the initiator m onolayer, and the m icroscopic cover glass w as quickly placed on top of the 
sam ple, w hich w as next irradiated w ith  a LED  source (Amax = 400 ±  5 nm ) for a given 
time. All procedures were performed w ithout access to ambient light. After completing the 
polym erization process, the plates w ere sonicated for 5 min in THF and toluene and dried 
under the argon stream.

2.3.8. O xidative Polym erization

The sam ples of the form ed grafted alternating copolym er brushes w ere im m ersed 
in  the solution of FeC l3 (20 m g, 0.12 m m ol) in freshly  distilled C H C l3 (10 m L) to realize 
oxidative polym erization of the pendant groups. In  the case of the sam ples obtained via 
RAFT, the m ixture w as stirred for 1 h at 0 ° C; then it w as left to proceed overnight at 5 ° C 
and in  the next 24 h at RT. The brushes prepared using m etal-free ATRP u nderw ent the 
reaction at 40 °C for 48 h. The obtained sam ples were taken out in the glove box and rinsed 
w ith a copious am ount of C H C l3 and M eOH and dried under the stream  of argon. A ll the 
steps w ere realized in dim m ed light.

2.3.9. Change of G rafting D ensity

To change the grafting density  of the polym er brushes, they w ere grafted from  the 
m ixed monolayers containing the initiator, as described in our previous w ork [44]. To form 
the m ixed m onolayer, A P TES (50 gL, 0.21 m m ol) and C lPTES (50 gL, 0.21 m m ol) w ere 
dissolved in toluene (10 mL). N ext, the solutions were added to the reaction flask in various 
ratios (v:v I3 :1 ,1 :1 ,1 :3), and the deposition of the monolayers was conducted following the 
procedure described above.

3. Results and D iscussion
3.1. Synthesis o f  Donor and A cceptor M onom ers

In order to obtain  a ladder-like alternating D -A  PB, proper m onom ers containing 
polym erizable groups and an electron-rich  or electron-poor substituent w ere designed. 
First, to ensure alternating arrangem ent of m ers styrene (St) and m aleic anhydride (M A), 
molecules were chosen as cores of the monom ers for further derivatization w ith donor and 
acceptor m oieties, respectively. D ue to a m uch higher rate constant of copolym erization 
than the respective rate constants of hom opolym erization processes, St and M A  tend 
to form  alternating copolym ers [45]. Because of its electron-donating character, St w as 
coupled with the selected donor side group, thiophene, by m eans of Suzuki reaction giving 
3-(4-ethenylphenyl)thiophene (St-D ). Benzo[c][1,2,5]thiadiazol, selected as an acceptor 
unit, w as attached to M A  in  a tw o-step process, consisting of am idation w ith  an am ine 
derivative, followed by ring closure in the presence of acetic anhydride to obtain the final 
N -(benzo[c][1,2,5]thiadiazol-5-yl)pyrrole-2,5-dione (M a-A ) (see Schem e 1). The structure 
and purity of both synthesized monomers w ere confirmed by recorded NM R and IR spectra 
(see Figures S1-S5  in Supplem entary M aterials).



Scheme 1. Reaction conditions: (a): Pd(PPh3 )4 , Na2CO3 , EtOH, DMF, 80 °C, 12 h; (b): THF, RT, 12 h; 
(c): CH3 COONa, (CH3 CO)2 O, 70 °C, 12 h.

3.2. Synthesis o f  D -A  Polym er Brushes via Surface-Initiated RA FT Polymerization

The preparation of a proper initiator monol ayer, necessary to obtain polym er brushes 
via the "g raftin g  from " approach, w as realized by  deposition of the A PTES m onolayer, 
according to the procedure reported previously by  our team  [44], followed by attachm ent 
of the chain transfer agent (CTA), 2-(dodecylthiocarbonothioylthio)-2-m ethylpropionic acid 
N-hydroxysuccinim ide ester, via the amide bond formation (see Scheme 2 ). The selection of 
trithiocarbonate CTA w as dictated by the character of the synchesized m onom ers, w hich can 
be treated as activated m onom ers, as thee C=C polym erizable groups are conjugated w ith 
aromatic ring or carbonyl groups [47]. The surface reactions leading to the formation of the 
initiator m onolryea w ere followed by the changes in the m onolayer thickness and contact 
angle m easurem ents, w hich both indicate successful attachm ent of CTA (see Table 1).

Scheme 2. Synthesis of d onor-accep tor p o ly (St-D -alt-Ma-A) brushes via R A FT po lym erization.

Table 1. Thickness, determ ined b y  ellipsom etry, and w ater contact angles of organic layers on  silica 

substrate during; yhe form ation of the initiator layer and subsequent RAFT polym erization leading to PB.

Step Thickness
(nm)

Contact Angle 
(°)

A PTES 1.9 ±  0.1 44 ±  1
CTA agent 3.2 ±  0.1 64 ±  1

RA FT polym erization 34.4 ±  0.6 69 ±  1
O xidative polym erization 41.2 ±  2.0 113 ±  1

Then, the substrates m odified w ith  the in itiator m onolayer w ere used to obtain  PB 
using surface-initiated RAFT polym erization. According to the spectroscopic ellipsom etry 
m easurem ents, the layer w ith  a thickness equal to 34.4 ±  0.6 nm  w as synthesized in  4 h 
of polym erization at 60 °C  in a d ioxane/w ater m ixture (v:v I2:1). The total concentration 
of both  m onom ers w as equal to 0.1 M , and A IBN  w as added to the solution as a free 
in itiator (m olar ratio nSt-D: nMa-A: nAIBNI100:100:1). The thickness of the obtained poly­
m er chains w as confirm ed by atom ic force m icroscopy (AFM ) technique, w hich revealed 
40.8 ±  0.5 nm. A sm all increase in the contact angle of the form ed brushes w ith respect to 
the in itiator layer indicates som e increase in the hydrophobicity  due to the bru sh  form a­
tion (see Table 1). The finally applied conditions w ere optim ized in a m ultifactor process, 
including param eters such as solvent com position, concentration of all species, type of 
free initiator, and tem perature. Consequently, the addition of w ater to the reaction system



appeared to be crucial for efficient growth of polymer brushes while keeping the maximum 
concentration of the m onom ers in the given solvent mixture.

The chem ical com position of the obtained coatings w as characterized by  IR  spec­
troscopy and X PS analysis. The first technique could not lead to the conclusion about 
the presence of both  applied m onom ers in the polym er chains, as bands typical for the 
functional groups of both monom ers (thiophene, benzo[c][1,2,5]thiadiazole, or styrene) are 
usually  observed in the sam e w avenum ber region (see Figure S5). M ore inform ation on 
the actual com position of the chains can be derived from X PS results, w hich are generally 
in  agreem ent w ith  the sim ulated results for the alternating p oly(St-D -alt-M a-A ) brushes 
(equal num ber of donor and acceptor m ers). It is particularly  clear w hen the nitrogen- 
to-sulfur ratio is considered. It is supposed to be 3:2 = 1.5 (one sulfur atom  is present 
in  St-D structure, w hile M a-A contains three nitrogen and one sulfur atom s), w hile the 
very close value, 1.61, w as found (see Table 2 ). M oreover, sulfur bonded w ith  carbon and 
those connected w ith nitrogen are observed in the sam e quantity, w hich also indicates the 
form ation of the aim ed alternating copolym er (see Table 2 and Figure S6 ).

Table 2. XPS analysis of poly(St-D-alt-Ma-A) brushes obtained via surface-initiated RAFT polymerization.

%C %N %O
%S

S-C: S-N N:S
S-C S-N

Experimental
Theoretical

77.1 ±  0.4 
75.9

8.7 ±  0.4 
10.3

8 .8  ±  0.1 
6.9

2 .6  ±  0.1
3.4

2.7 ±  0.1
3.4

0.96
1.00

1.61
1.50

In order to check  the correlation betw een the reaction tim e and the thickness of 
the obtained p o ly (St-D -alt-M a-A ) PB, the set of polym erizations of various tim es w as 
perform ed. A ll prepared sam ples w ere then characterized by  spectroscopic ellipsom etry 
and A FM  to estim ate their th icknesses (see Figure S7 in Supplem entary M aterials for 
exem plary  ellipsom etric data). Both applied m ethods revealed the expected grow th of 
chain  length w ith  increasing polym erization tim e (see Table 3 and Figure 1). M oreover, 
the relationship betw een the thickness and polym erization tim e w as found to be linear 
up to 12 h, indicating a controlled character of the process (see Figure 2 ). The deviations 
from linearity for longer polym erization tim es are quite com m only observed and could be 
caused by increasing steric hindrance, w hich im pedes m onom er access to growing chains, 
as w ell as by  lim ited m obility of grafted m acrom olecules [48].

Table 3. Thickness of poly(St-D-alt-Ma-A) brushes obtained during various times of RAFT polymerization.

Polymerization Time 
(h)

Brush Thickness Based on 
Spectroscopic Ellipsometry 

(nm)

Brush Thickness Based on AFM 
(nm)

2 9.6 ±  0.5 12 .2  ±  0.8
4 34.3 ±  0.7 40.8 ±  0.5
6 41.6 ±  2.1 49.8 ±  0.6

10 52.4 ±  2.0 64.9 ±  0.7
12 76.8 ±  2.2 72.6 ±  0.6
24 96.2 ±  1.4 100.9 ±  2.4
96 - 200.1 ±  2.4

3.3. Changing o f  Grafting Density

The influence of grafting density on the grow th of polym er brushes w as also investi­
gated. The distance betw een the grafted chains w as changed by using a mixed m onolayer 
approach, applied successfully by our team  before [44]. Briefly, during the initiator deposi­
tion, the A PTES solution w as m ixed w ith analogous C lPTES m olecules having a term inal 
chlorine atom . A n introduced halogenated derivative is not active in reaction w ith  CTA, 
contributing to the generation of a low er density  of attached CTA groups on the surface. 
Properly modified substrates w ith different concentrations of initiating sites on the surface



were then used to perform RAFT polymerizations. All samples were prepared in the same
optimized conditions during 4 h of polymerization. As a result, the thickest organic layer 
was obtained in the case of 80% grafting density, which revealed the thicknesses higher 
by almost 20% than for the substrate with the smallest distance between polymer chains 
(100% grafting density) (see Table 4 and Figure S8). Such observation can be explained by 
the reduced steric hindrance during polymerization for the less-crowded growing brushes 
and lower chance of recombination of the neighboring chains that may significantly en­
hance the termination process for a high surface concentration of the initiating sites [49]. 
Nevertheless, further surface dilution of the initiating sites (70% grafting density) caused 
a significant drop of polymer thickness, likely due to a collapse of the brushes adopting 
mushroom or even pancake conformations [37]. Changing the grafting density has also 
an impact on the roughness of the obtained coatings, which, according to the AFM mea­
surements, rises by increasing the distance between polymer chains. The reason for the 
observed ttend could be related to the larger variations of the layer thickness due to the 
presence of ungrafted spaces at ClPTES-modified sites.

Figure 1. AFM images of poly(St-D-a/t-Ma-A) brushes obtained via RAFT technique: (A)) after 2 h; 
(B) after 24 h of polymerization.

Figure 2. Relationship between the thickness of poly(St-D-alt-Ma-A) brushes and the time of RAFT 
polymerization.

Table 4. Influence of grafting density on the thickness and roughness of donor-acceptor brushes 
obtained via RAFT p olymerization.

Grafting Density Brush Thickness Based on 
Spectroscopic Ellipsometry (nm)

Brush Thickneis 
Based on AFM (nm)

Roughness

Rq Ra

100% 34.3 ±  0.7 40.8 ±  0.5 19. 5 15.9
80% 41.9 ±  0.6 48.3 ±  0.7 2 0.1 16.6
70% 14.5 ±  1.1 18.6 ±  1.4 31.9 26.3



3.4. Synthesis o f  D -A  Polym er Brushes via M etal-Free ATRP

The proposed approach based on the application of styrene and m aleic anhydride 
as a p latform  for the form ation of donor-accep tor polym er brushes w as realized also by 
m eans of a m etal-free A TRP technique. This m ethodology w as introduced by  H aw ker 
et a l. [5 0 ],  and it allow s for covering a w ider area w ith  grafted  m acrom olecules using 
only m icroliter volum es of reaction m ixtures, w hile in order to perform  the RAFT process, 
significantly  higher am ounts of the synthesized  m onom ers are required. First, the sub­
strates w ere coated w ith  the in itiator m onolayer com posed of A P T E S and term inal BIB  
groups. Then, polym erization w as conducted in the solution of St-D and M a-A m onomers 
(c = 0.5 M of each monomer) and a PTH agent in the ratio nSt-D: nMa-A: n PTH I30: 30: 1. The 
alternating copolym er brushes w ith  a thickness of 13.5 ±  1.2 nm  w ere prepared in 4 h of 
the polym erization. The presence of an organic layer with 13.4 ±  0.2 nm  thickness and low 
roughness (Rq = 4.7 nm , Ra = 3.7 nm) w as also confirmed by the captured AFM  im ages (see 
Figure 3 ), and the collected IR spectrum  overlaid the one for the brushes synthesized via 
R A FT (see Figure S9). Furtherm ore, the revealed linear character of correlation betw een 
the reaction tim e and thickness of the polym er layer indicates a controlled nature of the 
w hole process (see Figure S10 and Table S1). Presented results prove the versatility  of 
the proposed approach of the synthesis of donor-accep tor polym er brushes using m aleic 
anhydride and styrene derivatives; however, a m etal-free ATRP technique is characterized 
by sm aller m onomer consumption, slower rate, and higher sm oothness of the obtained PB.

Figure 3. AFM pictures of poly (St-D-alt-Ma-A) brushes obtained via metal-free ATRP polymerization: 
(A) topography; (15) thickness efthelayer.

3.5. Oxidative Self-Template Polym erization o f  Polym er Brushes

Synthesized  polym er brushes w ith  pendant donor and acceptor groups w ere next 
used as m ultimonomeric m acrom olecules in a tem plate polym erization to obtain ladderlike 
PB. In  order tea generete a linkage betw een side thiophene and benzo[c][1,2,5]thtadiazol 
rings, FeC l3 as an oxidative agent w as applied; as such, an approach w as successfully  
im plem ented to synthesize polythiophene chains [35,38,42] . The observed grow th of the 
layer thickness from  34.4 ±  0.6 to 41.2 ±  2.0 and increase in the w ater contact angle after 
conjugation of poly(St-D -alt-M a-A ) brushes obtained in the RA FT process indicate a suc­
cessful polym erization (see Table 1) . Such an effect could be assigned to stretching and 
stiffening of polym er chains due to the adaptation of a double-stranded architecture, as 
it w as observed previously by  our team  in the case of other brushes obtained in a self- 
tem plating approach [35] . M oreover, collected AFM  im ages for the sam ples w ith reduced 
grafting density revealed substantial changes in the m orphology after FeC l3 treatm ent as 
distinguishable bridges betw een polym er dom ains (see Figure 4) . Their presence could be 
related to the contribution of interm olecular connections formed during the oxidative poly­
m erization. The form ation of such connections betw een such stretched chains also seemed 
to im prove the uniformity of the layer as the surface roughness decaeased substantially (see 
Figure 4) and the contact engle increased (113°, see Tabfo 1), w hich can account for a more 
u n iform coatin g  of tine substrate by  hydrophobüc brushes. The oxidative polym erizetfon 
of the brushes obtained i n the ATRP process required m ore harsh cunditions t o proceed



efficiently  (see further for spectroscopic characterization) since the sam e conditions, as 
applied for the brushes obtained in the RA FT process, w ere not sufficient. It seem s that 
p oly(St-D -alt-M a-A ) brushes o b ta in ed v ia  RA FT polym erization are m ore susceptible to 
oxidative polym erization form ing dauble-strandad system s or ju st bridging the neigh­
boring chains. Their required m ilder concfitions for sunh a process that could be related 
to differences in the grafting  density betw een both  nystems, w hich  determ ine the steric 
hindrance and easiness of psnetrntion of thn oxidative agent.

Figure 4. AFM pictures of the topography of donor-acceptor poly( St-D-alt-Ma-A) brushes obtained 
via RAFT polymerization: (A) before and (B) after oxidative polymerization with FeCfo

3.6. Spectroscopic M easurem ents

The course of the self-tem plating polym erization w as also follow ed using spectro­
scopic techniques. The observed increase in the absorbance of the brushes after the oxidative 
p olym erization and the form ation of the red-shifted absorption tail could indicate cova­
lent bonding betw een the pendant groups, leading to conjugated chains for both  studied 
brushes (see Figure 5) . N evertheless, oxidative polym erization did not cause substantial 
changes (only 1 -2  nm) in the position of the band near 310 nm , w hich  could be assigned 
to the presence of the unreacted acceptor u nit (see Figure S11 for com parison). Such 
observation suggests that the thiophene groups have a higher tendency to undergo the 
polym erization process, w hile a num ber of benzothiadiazole rings remain unreacted. It can 
be explained in terms of the larger resistance of the acceptor groups to oxidation conditions. 
In  the case of polym erization of the A TRP-form ed brushes, a higher tem perature (40 °C) 
and longer time (48 h) had to be applied to reach sim ilar spectroscopic changes, as observed 
for the polym erization of the RA FT-form ed brushes. It is likely  due to a m ore packed 
layer observed for the A TRP-form ed brushes (com pare Figures 3  and 4 ),  w hich  lim its its 
penetration by the oxidizing agent, w hich form s a suspension (lim ited solubility) in chlo­
roform  serving as the polym erization m edium  [51 ]. W hile the presented results support 
the proof-of-concept approach for the facile form ation of D -A  PB, the polym erization 
conditions, grafting  density, other oxidation agents can be further developed to increase 
the contribution of the acceptor unit in  the form ed conjugated chains.

IR  spectroscopy also confirm ed the form ation of the conjugated chains by  the ap­
pearance of the new  w eak band near 1575 cm - 1 , after oxidative polym erization, w hich 
can be assigned to the stretching vibration  of C =C  bonds in  the conjugated system  (see 
Figure 6 ) . The lack of other noticeable changes in  the region typical for the appearance 
of conjugated chain vibrations ( 1 4 0 0 - 1 6 0 0  cm - 1 ) is caused by  the fact that such bands 
observed for polythiophene brushes have typically  low  intensity  [35], so in the system  
containing various aromatic rings (phenyl, thienyl, and benzothiadiazole group), they may 
not be distinguished. The increase in the intensity  of bands assigned to C -H  stretching 
vibrations (slightly below  3000 cm - 1 ) w as noticed after the oxidative polym erization. It 
can be related to the reorganization of polym er chains into a more extended structure after 
oxidative polym erization that is in line w ith the conclusions from  the AFM  and ellipsom e­
try m easurem ents [35,38,52]. N evertheless, the lack of a band at ca. 3300 cm - 1  (hydroxyl 
groups) indicates no oxidation of the pendant thiophene groups.



Figure 5. UV-VIS spectra before and after self-template oxidative polymerization registered for 
poly(St-D-alt-Ma-A) brushes obtamed via (A) RAFT and (B) PTH-ATRP.

Figure 6. IR transmittance spectra of poly(St-D-alt-Ma-A) brushes obtained via RAFT before and 
after self-templating oxidative polymerization.

4. Conclusions

We presented here a new facile m ethodology of synthesis of donor-acceptor polym er 
brushes via surface-initiated reversible deactivation radical polym erization techniques. The 
styrene m olecule coupled w ith  a thiophene ring and m aleic im ide substituted w ith  ben­
zothiadiazole w ere applied as donor ond acceptor m onom ere, respectively, w hich formed 
alternating copolym er brushes in surface-initiated m etal-free ATRP and RA FT polym er­
ization. 'The brushes w ere grafted from  a surface in  a single controlled polym erization 
process, find thacr thickness could be easily adjusted by  varying; the polym orization time. 
TOe pendant donor and acceptor groups, alternatingly aligned along tha stretched polymer 
chains, -were then subjected to oxidative p olym erizetion w ith an FeCl3 agent, leading to the: 
form ation of conjugated brushes. The presenied  proof o f concept show ed cheat, this way, 
the c onjugated brushet can be formed as ind icated by  U V -V IS and IR spectroscopy. H ow ­
ever, quantitative introduction of tine: acceptor, benzothiadiazolec ezoups into the form ed 
conj ugated chain is difficult in ide oxidative polym erization process iikeiy due to a higher 
tendency of th iophene to undergo this process. N evertheless, the facile m ethodology is 
w orthy of further developm ent by, for exam ple, varying the polym erization conditions, 
type of the oxidative agent, or grafting density. The proposed m ethodology is also very ver­
satile as other donor-acceptor system s can be formed by changing just the pendant donor 
or acceptor m oieties in the m onom ers, and other polym erization m ethods (e.g., electro­
chem ical polym erization) can be easily applied to achieve conjugated chains. Importantly, 
the obtained brushes do not contain even traces of metal atoms, and no bulky substituents 
are necessary in the form ed conjugated brushes, so their properties are not affected by



these factors. Such features and versatility  of the m ethod, as com pared w ith  catalyzed 
cross-coupling reactions, m ake it attractive for the synthesis of donor-acceptor thin layers 
w ith increasing applicability, especially in the fabrication of various optoelectronic devices.

Supplementary Materials: The following supporting information can be downloaded at: https: 
//www.mdpi.com/article/10.3390/polym14132735/s1. Figure S1: The 1H NMR spectrum of synthe­
sized donor St-D monomer; Figure S2: The 13C NMR spectrum of synthesized donor St-D monomer; 
Figure S3: The 3H NMR spectrum of synthesized acceptor Ma-A monomer; Figure S4: The 13C NMR 
spectrum of synthesized acceptor Ma-A monomer; Figure S5: The IR transmittance spectra of synthe­
sized donor and acceptor monomers, as well as the polymer brushes obtained via surface-initiated 
RAFT polymerization; Figure S6 : The XPS spectrum of (A) poly(St-D-alt-Ma-A) brushes obtained via 
RAFT polymerization and (B) sulfur region; Figure S7: Exemplary spectroscopic ellipsometry data 
for the polymer brushes obtained via RAFT polymerization (A) and their fits to the Cauchy model 
(B); Figure S8 : AFM pictures of poly(St-D-alt-Ma-A) brushes obtained via RAFT polymerization with 
various grafting densities: (A) 100% (B) 80% and (C) 70%; Figure S9: The IR transmittance spectra 
(3500-1300 cm-1 ) of poly(St-D-alt-Ma-A) brushes obtained via RAFT and metal-free ATRP (the spec­
tra at wavenumbers below 1300 cm-1  contain some artefacts related to the ITO substrates and are not 
comparable); Figure S10: The relationship between thickness of donor-acceptor poly(St-D-alt-Ma-A) 
brushes and time of metal-free ATRP polymerization; Figure S11: UV-Vis absorption spectra of the 
monomers used to synthesis of donor-acceptor polymer brushes. Solutions of both compounds are 
prepared in dioxane; Table S1: Thickness of donor-acceptor brushes obtained during various time of 
metal-free ATRP polymerization.
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