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A B S T R A C T   

This research explores effects of introduction of the rigid phenylene ethynylene (PEy) moiety as a side chain in 
polyoxetanes. The synthesis of PEy-grafted polyoxetanes was carried out via Huisgen copper (I) catalyzed alkyne- 
azide cycloaddition. These polymers have a flexible main chain (low Tg polyoxetane) and rigid side chains 
(phenylene ethynylene). Compositions for copolyoxetanes with PEy and alkynyl side chains were determined by 
1H-NMR spectroscopy. Mole percents PEy, designated P-%, were P-21, P-44, P-69 and P-100. UV-VIS spectra for 
P-21, P-44, P-69, P-100 at 330 nm showed differentiation based on assignments to intramolecular charge-transfer 
(ICT) interactions between triazole and phenylene ethylene moieties. Interestingly, instead of a monotonic in
crease, absorption intensity is in the order P-69 ~ P-44 > P-100 > P-21. Low substitution and mainchain flex
ibility and account for P-21 having the lowest UV-VIS absorption at 330 nm. P-44 and P-69 have similar strong 
absorptions at 330 nm with overlapping curves. Steric effects culminate in P-100, which has the highest PEy 
content but a lower absorption at 330 nm than P-69 but higher than P-21. A model for optical absorptions for PEy 
copolyoxetanes is described that includes the effect of the rigid PEy side chain in decreasing molecular mobility.   

1. Introduction 

Polyoxetanes 1 have been prepared with a wide range of properties 
that are determined by side chains at the 3-position [1–7]. Introduction 
of side chain mesogens results in liquid crystalline polyoxetanes [2, 
7–12] while semicrystalline polyoxetanes are obtained with two iden
tical side chains such as poly(3,3-diethyloxetane) and poly(3, 
3-dimethyloxetane) [13–15]. Semicrystalline polyoxetanes are also 
found if one of the pendant groups is capable of hydrogen bonding [4].

Cationic ring-opening polymerization (ROP) has been used to pre
pare copolyoxetanes with a random distribution of comonomers [16, 
17]. Unexpectedly, with a combination of fluorous and PEG-like co
monomers, random or blocky copolyoxetanes were obtained depending 
on the order of monomer addition [18]. Copolyoxetanes 1 having repeat 

units with quaternary (R1) and PEG-like side chains (R2) are water sol
uble and have amphiphilicity that mimics antimicrobial peptides 
(AMPS) with good human cell compatibility [19,20]. Recently, a 
‘clickable’ and modular polyoxetane polymer platform was prepared 
consisting of acetylene-functionalized 3-ethyl-3-(hydroxymethyl)oxe
tane (EAMO) repeat units. This polyoxetane was conjugated with 
camptothecin, a topoisomerase I inhibitor, via a 3,3′-dithiodipropionic 
acid (DDPA) linker with a disulfide bond (S-S) extended by short-chain 
polyethylene glycol (PEG) to generate a polymer drug for glioblastoma 
multiforme therapy [21]. 

Low molar mass polyoxetane diols 1 with methyl (R1) and fluorous 
(R2) groups have atactic chain structures and low Tg’s. These viscous 
liquids can be employed as soft blocks for functional polyurethanes 
[22–24]. 

The present work explores introduction of triazole-linked rigid 
phenylene ethynylene (PEy) moieties as side chains in polyoxetanes. 
With a structure having benzene rings and π-conjugation, PEy exhibits 
interesting optical properties and is the subject for research in photonic 
materials [25–34]. Herein, we report PEy-grafted polyoxetanes 
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synthesized via Huisgen copper (I) catalyzed alkyne-azide cycloaddition 
[35,36]. These brush polymers have a flexible main chain (low Tg pol
yoxetane) and rigid side chains (phenylene ethynylene). The efficiency 
of click-coupling led to copolyoxetanes with molar ratios of PEy to 
alkynyl side chains by 1H NMR that were close to reactant ratios. UV-VIS 
spectra were obtained, and unexpected optical properties were eluci
dated by molecular modeling and a study of thermal transitions by DSC. 

2. Experimental section 

Materials. 4-Iodobenzyl alcohol, phenylacetylene, bis(triphenyl
phosphine) palladium(II) chloride, triphenylphosphine, copper(I) iodide 
(CuI), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 1,1,4,7,7-pentame
thyldiethylenetriamine (PMDTA), and organic solvents were pur
chased from Acros Organics. Triethylamine (Et3N), diphenylphosphoryl 
azide (DPPA) and propargyl bromide (80% in toluene) were obtained 
from TCI America. Sodium hydride 60% dispersion in mineral oil, boron 
trifluoride diethyl etherate (BF3⋅xEt2O), 1,4-butanediol, and silica gel 
(pore size 60 Å, 70–230 mesh) were from Aldrich. 3-Ethyl-3-hydroxyme
thyloxetane (EHMO) was a generous gift from Perstorp Polyols (Toledo, 
OH). (4-(Phenylethynyl)phenyl)methanol 3 was synthesized following 
the previously published procedure [37]. EAMO was prepared according 
to M. Jia’s method [38]. Polymerization of EAMO was described by 
Zolotarskaya [39]. 

Synthesis of 1-(azidomethyl)-4-(phenylethynyl)benzene (4). 
THF (10 mL) and 3 (321 mg, 1.50 mmol) were placed in round-bottom 
flask equipped with magnetic stirring bar. DBU and DPPA were added to 
the mixture under N2. The reaction was carried out at room temperature 
for 24 h with stirring. Subsequently, the mixture was quenched by 
saturated, aqueous NH4Cl and the organic layer extracted with CHCl3. 
The organic layer was washed with brine and dried over MgSO4. MgSO4 
was removed by filtration, and the solvent was evaporated. The residue 
was purified by flash column chromatography on SiO2 (CHCl3 as an 
eluent) to afford 4 (329 mg, 1.41 mmol, 94%) as light yellow crystals. Rf 
= 0.84 (CHCl3). 1H NMR (CDCl3, 600 MHz) δ 4.36 (s, 2H), 7.31 (d, 2H), 
7.35, (m, 3H), 7.54 (m, 4H) ppm. 

Synthesis of M1. EAMO (30.8 mg, 0.20 mmol), 4 (46.7 mg, 0.20 
mmol), CuI (3.8 mg, 0.02 mmol), PMDTA (34.7 mg, 0.20 mmol), and 
THF (5 mL) were place in round-bottom flask equipped with magnetic 
stirring bar. The reaction was carried out at room temperature for 20 h 
with stirring. After the reaction, the mixture was quenched with 28% 
aqueous NH3 and the organic layer extracted with CHCl3. The organic 
layer was washed with brine and dried over MgSO4. MgSO4 was 
removed by filtration, and the solvent was evaporated. The residue was 
purified by column chromatography on SiO2 (gradient: from CHCl3 to 
hexane/EtOAc = 1/1 v/v and to EtOAc as an eluent) to afford M1 (68.4 
mg, 0.177 mmol, 88%) as a colorless liquid (Scheme 2). Rf = 0.55 
(EtOAc). 1H NMR (CDCl3, 600 MHz) δ 0.80 (t, 3H), 1.69 (q, 2H), 3.60 (s, 
2H), 4.33 (d, J = 5.8 Hz, 2H) 4.40 (d, J = 5.8 Hz, 2H), 4.65, (s, 2H), 5.51 
(s, 2H), 7.21 (d, 2H), 7.32 (m, 3H), 7.46 (s, 1H), 7.51 (m, 4H) ppm. 

Post-functionalization of P(EAMO). P(EMAO) was click grafted 
with 4 to make brush polymers. A solution containing P(EAMO) (0.20 
mmol of alkyne equivalent) in 5 mL of THF was prepared and addition of 
4 was adjusted to achieve the following molar feed ratios of 4 to alkyne: 
25/100, 50/100, 75/100, and 100/100. CuI (0.1 M amount of 4) was 
added to the solution followed by addition of PMDTA (the same molar 
amount as 4). The reaction mixture was stirred under N2 for 20 h at room 
temperature. After the reaction, mixture was quenched by 28% aqueous 
NH3 and the organic layer extracted with CHCl3, washed with brine and 
dried over MgSO4. MgSO4 was removed by filtration, and the solvent 
was evaporated. The residue was purified by column chromatography 
on SiO2 (gradient: from hexane/CHCl3 = 1/1 v/v to CHCl3 as an eluent) 
to afford brush polymers P-#, where # indicates percentage of phenyl
ene ethynylene brush units per polymer. According to 1H NMR analysis, 
polymers P-21, P-44, P-69 and P-100 were obtained. 1H NMR is typified 
by P-100 (CDCl3, 600 MHz): δ 0.72 (3H), 1.30 (br, 2H), 3.13 (br, 4H), 

3.31 (s, 2H), 4.49 (br, 2H), 5.45 (s, 2H), 7.18 (s, 2H), 7.29 (s, 3H), 7.46 
(br, 5H) ppm. Scheme 3 summarizes conditions and percent yields. 
Experimental details for preparation of P[(EAMO)(PEy)] copolymers are 
presented in Table S1. 

Instrumentation. 1H NMR spectra were recorded on either Varian 
Mercury-300 MHz or Bruker AVANCEIII 600 MHz instruments. ATR-IR 
spectra were obtained on a Nicolet Magna-IR 760 spectrometer by drop- 
casting on KBr pellets. Drop-casting on quartz substrates was used for 
Raman spectroscopy (Hariba LabRam HR Evolution; Lab Spec 6.2, 2014 
software). 

Gel permeation chromatography (GPC) was performed using a Vis
cotek GPC system equipped with a TriSEC triple detector. THF was the 
mobile phase with a flow rate of 1 mL/min. Universal calibration by 
polystyrene standards was used for determination of molar mass and 
polydispersity. Differential scanning calorimetry was performed on a 
TA-Q 1000 Series instrument (TA Instruments) with a heating rate of 
10 ◦C/min and a cooling rate of 5 ◦C/min over the temperature range 
− 90 to 100 ◦C. Second scans are reported. 

UV-VIS spectroscopy. UV-VIS spectra were obtained with a Perki
nElmer Lambda 40 UV–Vis spectrophotometer. At an M1 concentration 
1.0 × 10− 5 M in CHCl3 the peak absorbance was 0.4 with a cell path 
length of 10 mm (Figure S2). Molar absorptivity (ε) was difficult to es
timate for the prepared polymers. Consequently, polymer solutions in 
CHCl3 were prepared with absorbances close to M1 and normalized as 
shown in Figure S2 to obtain data shown in Fig. 3. 

Polymer films were obtained by drop-casting dilute solutions on a 
quartz substrate at ambient temperature. The same preparation method 
was used for all samples to obtain data for elucidating differences. Peak 
absorbances at ~280 nm were normalized to 1.0 (Figure S3) to obtain 
the data shown in Fig. 5. 

3. Results and discussion 

Synthesis. With reference to Scheme 1, Sonogashira-Hagihara 
coupling of 4-iodobenzyl alcohol 2 with phenylacetylene afforded 
compound 3 in 75% yield. The hydroxy group was converted to azide 
with DPPA and DBU giving compound 4 in 94% yield. EAMO [38] and P 
(EAMO) [39] were synthesized by reported methods. Molar masses for P 
(EAMO) were obtained by GPC: Mn (4,600), Mw (11,600) giving a PDI of 
2.5. Model compound M1 was obtained by click reaction of EAMO and 4 
in 88% yield (Scheme 2). M1 was used for ATR-IR and UV-VIS spec
troscopy as a reference. (Phenylene ethynylene)-grafted polyoxetanes 
P-21, P-44, P-69, P-100 were synthesized by the reaction of 4 with the P 
(EAMO) alkyne moiety in molar feed ratios of 25/100, 50/100, 75/100, 
and 100/100 (Scheme 3). Polymerization was carried out under mild 
conditions to avoid degradation of the polymer main chain. GPC proved 
not suitable for characterization of copolymers because of decreased 
solubility with increasing side-chain substitution. However, adequate 
solubility permitted 1H NMR spectroscopy, which was used to establish 
copolymer compositions. The 1H NMR peak at 4.1 ppm for the CH2 
group adjacent to the acetylene moiety is designated 5 (Fig. 1, S1). This 
peak is prominent for P-21 due to 79 mol% EAMO side chains. The peak 
at 5.5 ppm, designated 7′ is assigned to the CH2 group adjacent to the 
aromatic moiety (Fig. 1, S1). This peak is strong in the spectrum of P-100 
while the peak at 4.1 ppm is not detected. The integral of peaks 7’ and 5 
provided the mole ratio of (phenylethynyl)benzene to EAMO acetylene 
side chains. 

The 1H NMR spectrum for copolymers and P-100 have absorptions 
for 5’ (4.5 ppm) that increase in intensity with increasing phenylene 
ethynylene content (Figure S1). Compared to other copolymers, the 
triplet-like absorption for P-44 is pronounced and likely reflects the 
presence of segments with different tacticities. The disorder wrought by 
different ways that phenylene ethynylene pendant groups are arranged 
along the main chain likely accounts for the broad Tg’s observed by DSC 
and is worthy of additional study. 

Vibrational Spectroscopy. ATR-IR spectra were obtained to 
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confirm the presence of functionality (Fig. 2A). Compound 4 had a 
strong peak at 2094 cm− 1 assigned to azide. P(EAMO) had a weak peak 
at 2116 cm− 1 and a strong peak at 3290 cm− 1 assigned to stretching 
vibrations of terminal alkyne group (C≡C) and (C-H), respectively. M1 
had a weak peak at 2218 cm− 1 that was identified as the stretching vi
bration of internal alkyne group between phenylene units and there 
were no peaks at 2094 cm− 1 and 2116 cm− 1. In P-21, P-44, P-69, and P- 
100, the peaks for terminal alkyne (3290 and 2116 cm− 1) gradually 
decreased while the peaks for internal alkyne (2218 cm− 1) gradually 
increased with increasing substitution. No peak was observed at 2094 
cm− 1 which confirmed reagent 4 was not left in the polymer. 

Small peaks in the vicinity of 1700 cm− 1 were observed for all co
polymers and P(EAMO). The absorption at 1700 cm− 1 for P-44 almost 
reaches medium intensity. Such an absorption is characteristic of 
carbonyl groups, but the usually weak absorptions for P(EAMO)) and 
copolymers suggests that these absorptions originate from combination 
bands arising from intense absorptions at ~900 cm− 1. A detailed 
investigation is outside the scope of the present investigation. 

Raman spectra. To complement infrared spectroscopy, Raman 
spectra were obtained for films cast on quartz substrates (Fig. 2B). In the 
Raman spectra, the symmetric stretch of the internal alkyne group (Ph- 
C≡C-Ph) is observed as a strong peak at 2218 cm− 1 for P-100, P-69 and 
P-44 and as a weak peak for P-21. The corresponding mode is extremely 
weak or not observed in the IR spectrum, which is consistent with the 
symmetric stretch being associated with a change in polarizability 
(Raman) rather than dipole moment (IR) [40]. Absorptions for the ter
minal alkyne group (C≡C, 2116 cm− 1) and terminal C-H (C-H, 3290 
cm− 1) are not observed in the Raman spectra. 

UV-VIS spectra. UV-VIS spectroscopy was used to characterize 
CHCl3 solutions of P-0 (P(EAMO)), P-21, P-44, P-69, P-100, and M1. The 
spectra shown in Fig. 3 were obtained by normalization based on M1 
(Figure S2). UV-VIS spectroscopic data are collected in Tables S2-A, S2-B 
and S2-C. 

In solution, P-0 exhibits negligible absorption from 250 nm to 500 
nm as the alkyne moiety does not absorb in this region (Figure S2). The 
UV-VIS spectra of P-21, P-44, P-69, P-100, and M1 are similar to those 
for polyethers with bulky aromatic side chains reported by Nakano et al. 
[41] and related sidechain systems [42,43]. Strong absorptions from 
280 to 305 nm (Fig. 3A) are assigned to phenylene ethynylene π-π* 
transition bands, while weak absorptions at 330 nm (Fig. 3B) are 
assigned to intramolecular charge transfer (ICT) bands arising from 
proposed interactions between 1,2-diphenylethyne and triazole moi
eties. This assignment is supported by the observation that the π-π* 
bands from 280 to 305 nm are not affected by the copolymer composi
tion. If it were based on π-stacking, all bands would increase in intensity 
with increasing substitution (hyperchromicity). Interestingly, instead of 
a monotonic increase, the absorption intensity for PEy copolyoxetanes at 
330 nm is in the order P-21 < P-100 < P-44 ~ P-69. The ratios of the 
280/320 nm absorptions are: P-21, 36; P-44 and P-69, 17 and P-100, 23, 

Scheme 1. Synthesis of 1-(azidomethyl)-4-(phenylethynyl)benzene.  

Scheme 2. Synthesis of compound M1.  

Scheme 3. Synthesis of PEy copolymers from P(EAMO).  

Fig. 1. Methylene groups are indicated for determination of co-monomer ratios 
by 1H NMR spectroscopy. 
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reflecting the relative increase of the ICT band (to P-44), leveling off 
(P-69) and decrease for P-100. 

A schematic model for this finding is proposed in Fig. 4. Although 
ICT interactions are driven enthalpically, chain flexibility, chain struc
ture and low substitution result in a low probability for interactions for 

P-21. Compared to vinyl dibenzofulvene (DBF) π-stacked oligomers 
which have side chains occurring every other main chain atom [44], 
only one of every four mainchain atoms in PEy copolyoxetanes can bear 
a PEy side chain. Partial substitution for copolymers P-21, P-44 and P-69 
further reduces the PEy side chain occurrence. Thus, it is interesting that 

Fig. 2. A. ATR-IR spectra and B, Raman spectra of copolymers and P-0 (P(EAMO)).  

Fig. 3. UV-VIS spectra in CHCl3 solution. A. 250–400 nm with normalization at peak maxima; B. 300–360 nm.  

Fig. 4. Proposed mechanism for changes in UV-VIS spectra for phenylene-ethynylene grafted co-polyoxetanes.  
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P-21 has a UV-VIS absorption at 330 nm at all, considering that the 
frequency of PEy side chain occurrence could be as low as one for every 
16 main chain atoms, depicted in Fig. 4A. This finding favors the pro
posed intramolecular charge transfer (ICT) bands. 

P-44 and P-69 have similar absorptions at 330 nm with overlapping 
curves in Fig. 3B. The increased absorption for P-44 compared to P-21 is 
ascribed to increased ICT interactions due to increased PEy content. This 
argument fails to account for the equivalent absorption for P-69 at 330 
nm compared to P-44. Rather, the onset of steric interactions and chain 
stiffness is proposed to account for this equivalence. That is, enthalpi
cally driven ICT interactions are mitigated by increased steric effects 
driven by the bulky PEy side chain. Steric effects culminate in P-100, 
which has the highest PEy content but a lower absorption at 330 nm 
than P-69. Still, P-100 has a more intense absorption at 330 nm than P- 
21, so higher PEy content favors ICT interactions despite unfavorable 
steric effects. 

Chem3D structures were obtained for additional insight into the 
relative order of UV-VIS absorptions. Figure S4 shows a representative 
structure for a copolyoxetane 10-mer with alternating PEy and EAMO 
side chains. Interestingly, several runs resulted in propinquity of PEy 
moieties noted by green arrows. This orientation favoring intra
molecular ICT interactions depicted in Fig. 4B was found in multiple 
simulations. Figure S5 shows a representative Chem3D structure for a 
polyoxetane homopolymer 10-mer with PEy side chains. Multiple sim
ulations failed to show orientations of PEy moieties favoring ICT in
teractions. Rather, aromatic PEy groups had orientations at odd angles 
disfavoring interactions supporting the model shown in Fig. 4C. Thus, 
modeling supports the non-intuitive higher UV-VIS absorptions attrib
uted to intramolecular charge transfer (ICT) bands for P-44 and P-69 
compared to P-100. 

Spectra for films are shown in Fig. 5. The overall order P-21 < P-100 
< P-44 ~ P-69 is not changed. However, the relative intensities for PEy 
copolyoxetanes P-69 and P-44 increase from ~0.06 in solution to ~0.11 
in thin films (Tables S2 and S3). This doubling of intensity stands in 
contrast to the decreased intensity for P-100 from 0.043 in solution to 
~0.034 in the thin film (Fig. 3, Tables S2 and S3). 

The increased intensities for P-44 and P-69 in films indicates there is 
a stronger contribution from intermolecular ICT interactions in the 
condensed state compared to solutions (Tables S2 and S3). This is an 
interesting result, but given the unknown tacticity of the copolymers we 
can only speculate on the origin of this phenomenon. We note the un
expectedly lower relative absorption for P-100 in the thin film compared 
to solution (Tables S1, S2 and S3). This finding is attributed to steric 
effects that are apparently amplified in the condensed state and act to 
decrease ICT interactions. . 

Differential Scanning Calorimetry. Independent of processing, P- 
0, copolyoxetanes and P-100 form optically transparent films. DSC 

thermograms were obtained to investigate the effect of increasing PEy 
content on Tg. P-0 has a sharply defined Tg at − 35.3 ◦C that is charac
teristic of a homopolymer. Increased substitution of the bulky PEy side 
chain results in a predictable trend toward higher glass transition tem
peratures that are in the range − 5 to 23 ◦C. With increased PEy content 
decreasing changes in heat capacities with increasing Tg are accompa
nied by broader transitions (Fig. 6). The endotherm for P-44 is partic
ularly broad; there may be a low temperature transition that would 
require further work for confirmation. Given the relatively narrow range 
of copolymer Tg’s which are below or near the UV-VIS measurement 
temperature it is unlikely that the trend in reduced molecular mobility 
contributes to the unexpected decrease in the thin film absorption 
attributed to ICT for P-100 at 320 nm. 

Conclusion. EAMO [38] and P(EAMO) [39] were synthesized by 
reported methods. Molar masses for P(EAMO) were obtained by GPC: Mn 
(4,600), Mw (11,600) giving a PDI of 2.5. The reaction of 4 with the P 
(EAMO) alkyne moiety by click chemistry resulted in efficient grafting of 
phenylene ethynylene (PEy). Control of stoichiometry gave a series of 
polyoxetanes designated P-21, P-44, P-69 and P-100 for percent PEy 
(Scheme 3). Copolymer compositions were established by 1H NMR 
spectroscopy using unique peaks for the respective side chains. UV-VIS 
spectroscopy revealed absorptions at 330 nm ascribed to side chain 
triazole-phenylene ethynylene ICT interactions by analogy with work of 
Nakano et al. on vinyl oligomers containing dibenzofulvene (DBF) side 
chains (Fig. 3B) [41,42]. 

Surprisingly, instead of a monotonic increase following PEy content, 
the absorption intensity at 330 nm is in the order P-21 < P-100 < P-44 ~ 
P-69. A model for this finding is based on steric effects that decrease 
triazole-phenylene ethynylene interactions for fully substituted P-100 
(Fig. 4). Molecular modeling (Chem3D) for a 50-50 copolymer showed 
orientations favoring intramolecular interactions between 1,2-dipheny
lethyne and triazole moieties in multiple simulations (Figures S3, 4B). 
However, multiple simulations failed to show orientations of PEy moi
eties favoring triazole-phenylene ethynylene interactions for a P-100 
model. Rather, PEy groups had orientations at odd angles disfavoring 
interactions as depicted in Fig. 4C. Thus, modeling supports the non- 
intuitive higher UV-VIS absorptions for P-44 and P-69 compared to P- 
100. 

Absorbance intensity for thin films follows the same relative order 
found in solution but the absorbance at 330 nm doubles for P-44 and P- 
69. However, the absorbance intensity for P-100 is about 25% lower than 
that found in solution (Table S2). The decrease in the UV-VIS absorption 
at 330 nm for P-100 thin films correlates with intramolecular steric ef
fects illustrated in Fig. 4C. Steric effects could well contribute to 
decreased interactions between 1,2-diphenylethyne and triazole moi
eties, but details remain to be investigated in future work. DSC for the 
copolyoxetanes and P-100 shows a relatively narrow 25 ◦C range for 

Fig. 5. UV-VIS spectra for copolymer films. A. 250–400 nm with normalization at 288 nm (maximum) and 360 nm (negligible absorbance); B. 300–360 nm; M1 
spectrum was in dilute CHCl3. 
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Tg’s, which are characterized by broad transitions with low changes in 
heat capacity. From these data it seems unlikely that diminished 
macromolecular mobility alone reduces chances for interactions be
tween 1,2-diphenylethyne and triazole moieties. 
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