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Abstract 

The synthesis and characterization of copolymers based on boron difluoride formazanate (BF2L) 

and 9,9-di-n-hexylfluorene (hex2Fl) units are described. A series of model compounds [(BF2L)-

(hex2Fl), (hex2Fl)-(BF2L)-(hex2Fl), and (BF2L)-(hex2Fl)-(BF2L)] were also studied in order to 

fully understand the spectroscopic properties of the title copolymer [(BF2L)-(hex2Fl)]n. The 

model compounds and copolymers, which were synthesized by copper catalyzed alkyne-azide 

cycloaddition chemistry, exhibited high molar absorptivities (25,700−54,900 M−1 cm−1), large 

Stokes shifts (123−143 nm, 3590−3880 cm−1), and tunable electrochemical behaviour (E°red1 ca. 

−0.75 V and E°red2 ca. −1.86 V vs. ferrocene/ferrocenium). The low-energy wavelength of 

maximum absorption and emission of the model compounds red-shifted relative to the BF2L 

repeating unit by ca. 30 nm per triazole ring formed, to maximum values of 557 nm and 700 nm 

in DMF, respectively. The low-energy absorption and emission properties of the copolymer were 

consistent with the model compound bearing two triazole rings [(hex2Fl)-(BF2L)-(hex2Fl)] and 

were not dependant on copolymer molecular weight. However, the title copolymers may show 

promise as a light-harvesting material based on their thin-film optical band gap of 1.67 eV.   

Introduction 

Boron-containing polymers are of significant interest for a wide range of applications due to the 

unique properties resulting from the electron deficient nature of boron.1-17 Polymers based on 

three- and four-coordinate boron centres have found application, for example, as sensors,18-19 

luminescent materials for biomedical imaging,20 active materials in light emitting diodes,21-22 

electrolytes,23 semi-conducting materials10 and in photovoltaic devices.24 The polymers used in 
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these studies include boron in main-chain (e.g., 1, 2) and side chain (e.g., 3, 4) architectures (Fig. 

1).25-28 

 

Fig. 1 Examples of boron-containing polymers. 

Of particular interest are polymers containing boron difluoride complexes of chelating ligands. 

The most common examples are based on BODIPY, aza-BODIPY or boron diketonate, 

ketiminate and diketiminate moieties (Fig. 2).3, 13 The resulting polymers often have high 

emission quantum yields, leading to their use in, for example, cell imaging (e.g., 5),29-31 

nanostructured dual emissive materials,32 and as semiconductor materials for organic electronics 

(e.g., 6, 7).9-10 
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Fig. 2 Polymers containing boron difluoride complexes of bidentate ligands. 

One class of boron complexes which has yet to be incorporated into π-conjugated polymers are 

boron difluoride complexes of formazanate ligands.33 Metal and boron complexes of 

formazanate ligands have tunable optical and electronic properties.34-45 In particular, boron 

difluoride complexes have shown application as fluorescence cell-imaging agents,46 as 

precursors to B(1)-carbenoid intermediates,47 and as efficient electroluminescence emitters.48  

We have previously demonstrated that extending the π conjugation of BF2 formazanates (e.g., by 

replacing phenyl with naphthyl substituents), results in red-shifted wavelengths of maximum 

absorption and emission and increased emission quantum yields.49 Considering these results, the 

incorporation of BF2 formazanate complexes into π-conjugated copolymers is especially 

intriguing.  

Herein, we describe the synthesis and characterization of the first examples of π-

conjugated copolymers containing BF2 formazanate complexes, synthesized by alkyne-azide 

cycloaddition chemistry. This ‘click’ reaction was chosen for its high efficiency, regioselectivity 

and functional group tolerance.50-51 Since some of the first examples of ‘click polymers’ were 
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reported in 2004,52-53 alkyne-azide cycloaddition has been used to prepare polymers with 

application in nucleic acid delivery,54 fluorescent photopatterning,55 and photovoltaic 

applications.56 We also present a comprehensive study of a series of model compounds designed 

to allow for the spectroscopic characteristics of the target copolymers to be fully understood.   

Results and Discussion 

Synthesis & Characterization 

The copolymers and related model compounds described in this study were synthesized through 

copper-catalyzed [Cu(PPh3)3Br] alkyne-azide cycloaddition chemistry in THF, incorporating BF2 

complexes (BF2L, LH = 1,3,5-triphenylformazan) and 9,9-di-n-hexylfluorene (hex2Fl). 

Optimized reactions were carried out under nitrogen atmosphere for 18 h (48 h for copolymers) 

at 80 oC. The model compounds hex2Fl, BF2L, (BF2L)-(hex2Fl), (hex2Fl)-(BF2L)-(hex2Fl), and 

(BF2L)-(hex2Fl)-(BF2L) (Fig. 3) were fully characterized by 1H, 11B, 13C{1H and 19F NMR 

spectroscopy, UV-vis absorption/emission and FT-IR spectroscopy and mass spectrometry (Figs. 

S1–S16). Copolymer [(BF2L)-(hex2Fl)]n was subjected to similar analyses. 
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Fig. 3 Molecular species containing BF2L and hex2Fl units. 

Polymerization reactions (Scheme 1) were monitored for 7 days by removing an aliquot of the 

reaction mixture after 12, 24, 48, 72 and 168 hours, and it was determined by GPC that the 

molecular weight reached a maximum after just 2 days (Figs. 4, S17). Decreasing the catalyst 

loading from 5% to 2% resulted in a decreased number average molecular weight (Mn) from 

17,000 g mol−1 [Dispersity (Ɖ = 2.14)] to 6,000 g mol−1 (Ɖ = 2.13). Conditions were optimized 

to maximize molecular weight, while minimizing reaction times, and thus a catalyst loading of 

5% and reaction time of 48 h was selected as the conditions to be used for all further 

polymerizations. 
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Scheme 1 Synthesis of copolymer [(BF2L)-(hex2Fl)]n by copper-catalyzed alkyne-azide 
cycloaddition chemistry.  

 

 
Fig. 4 Number average molecular weight of [(BF2L)-(hex2Fl)]n as a function of reaction time. 
The black line has been added as a guide. 

 

In the case of the copolymer, the successful incorporation of both the BF2L and hex2Fl repeating 

units was confirmed using NMR spectroscopy. We noted the disappearance of the terminal 

alkyne proton resonance (3.25 ppm), as well as the appearance of a singlet at 8.38 ppm, 

consistent with the presence of the triazole ring (Figs. 5, S18). The boron and fluorine signals in 

the 11B and 19F NMR spectra were retained (11B NMR δ = −0.5 ppm, 19F NMR δ = −143.4 ppm), 

indicating that the structure of the BF2 formazanate complex had been maintained throughout the 

polymerization process. The molecular weight distribution of a representative sample of 

[(BF2L)-(hex2Fl)]n after 2 days was determined by gel permeation chromatography (GPC), 

yielding a copolymer with Mn = 17,000 g mol−1 and Đ = 2.14. 
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Fig. 5 
1H NMR spectra of HC2(BF2L)C2H (red), N3(hex2Fl)N3 (blue) and copolymer [(BF2L)-

(hex2Fl)]n (black) in CDCl3. The asterisks denote residual solvent signals. The red triangle 
denotes the alkyne C-H signal in HC2(BF2L)C2H, and the black square denotes the C-H signal 
formed by triazole formation in [(BF2L)-(hex2Fl)]n.  

 

Thermal gravimetric analysis (TGA) showed that  [(BF2L)-(hex2Fl)]n degraded gradually 

up to a temperature of 255 °C, at which time it had lost 3% of its mass. Above 255 °C, the 

copolymer degraded quickly to 55% of its original mass at 505 °C. Above 505 °C, slower 

degradation occured to a final 43% of the initial mass at 1,000 °C (Fig. S19). There was no 

observable glass transition (Tg) within the stability window (0 to 200 °C) determined for 

[(BF2L)-(hex2Fl)]n (Fig. S20). Furthermore, there was also no observable melt transition in the 

differential scanning calorimetry (DSC) trace and both powder X-ray diffraction studies and 

scanning electron microscopy of a thin film of the copolymer confirmed its amorphous character 

(Figs. S21,S22).  

Absorption and Emission Spectroscopy 

The copolymer and each of the model compounds showed strong absorbance between 200−350 

nm and 500−600 nm in DMF (Table 1). First, we consider the low-energy wavelength of 
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maximum absorption (λmax), which has been previously attributed to a BF2 formazanate π-π* 

transition with HOMO→LUMO character (Fig. 6).49 This transition in the copolymer (λmax = 557 

nm) is red-shifted by approximately 50 nm when compared to model compound BF2L (λmax = 

505 nm). Furthermore, when we studied the same transition in model compound (hex2Fl)-

(BF2L)-(hex2Fl) (λmax = 557 nm), it matched well with that of the copolymer. In both [(BF2L)-

(hex2Fl)]n and (hex2Fl)-(BF2L)-(hex2Fl), each BF2L unit is bound to two triazole rings, 

potentially extending the degree of π conjugation. We also note that the same absorption in 

(BF2L)-(hex2Fl) (λmax = 533 nm), which has just one triazole bound to the BF2L moiety, was 

red-shifted by just 28 nm. Based on these results, we concluded that the introduction of each 

triazole ring shifted the formazanate λmax by approximately 30 nm. The similarity between 

copolymer [(hex2Fl)-(BF2L)]n and the model compounds also suggested that the properties of 

the copolymer are not dictated by long range π conjugation along the polymer backbone.  

However, the λmax of [(hex2Fl)-(BF2L)]n is significantly lower in energy compared to the π-

conjugated boron ketoiminate polymer 5 (λmax = 300 nm, THF),31 and comparable to the π-

conjugated BODIPY system (6, λmax = 596 nm, CHCl3).
10 
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Fig. 6 a) UV-vis absorption spectra of BF2L (black), (BF2L)-(hex2Fl) (red), (hex2Fl)-(BF2L)-

(hex2Fl) (green) and [(BF2L)-(hex2Fl)]n (purple), recorded for 10−5 M DMF solutions. b) 
Normalized UV-vis absorption spectra from 400−750 nm for comparison.  

 

Next, we considered the high-energy absorption maxima for these compounds (Fig. 7). This 

region is complex, as both hex2Fl and BF2L absorb between 200–350 nm. When considering the 

9,9-di-n-hexylfluorene contributions, we observed a similar trend to that of the absorption of the 

BF2 formazanate unit. The high-energy absorption band of copolymer [(BF2L)-(hex2Fl)]n (λmax = 

327 nm) was red-shifted by 23 nm, when compared to hex2Fl (λmax = 304 nm). Again, we 

attributed the red-shift to extended π conjugation relating to the presence of the triazole rings 

bound to 9,9-di-n-hexylfluorene. Model compound (BF2L)-(hex2Fl) has a high energy 

wavelength of maximum absorption (λmax = 317 nm) which falls almost exactly half way 

between the wavelength of maximum absorption of hex2Fl and [(BF2L)-(hex2Fl)]n, further 
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corroborating our conclusion that the observed trends in electronic properties arise due to the 

presence of the triazole rings and not extended π conjugation of the copolymer backbone. The 

observed trends are consistent with similar compounds synthesized by alkyne-azide 

cycloaddition chemistry.55, 57-58 We also note that the absorption profile is unchanged with 

variation in the molecular weight of the [(BF2L)-(hex2Fl)]n (Fig. S23). The thin-film absorption 

spectra of [(BF2L)-(hex2Fl)]n and all model compounds were red-shifted with respect to the 

solution-based spectra by ca. 20 nm, but were qualitatively similar, indicating the formation of J-

aggregates (Fig. S24). The estimated band gap (Eg) of 1.67 eV (Table 2), indicates that, despite 

the lack of long range π conjugation in [(BF2L)-(hex2Fl)]n, it may find use as a light harvesting 

material in organic electronics. 

 

Fig. 7 a) UV-vis absorption spectra of hex2Fl (grey), (BF2L)-(hex2Fl) (red), (BF2L)-(hex2Fl)-

(BF2L) (blue) and [(BF2L)-(hex2Fl)]n (purple) recorded for 10−5 M DMF solutions. b) 
Normalized UV-vis absorption spectra for 280−400 nm region for comparison. 
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 Each of the model compounds are weakly emissive in solution, with fluorescence 

quantum yields (ΦF) of < 3% in DMF (Table 1) and Stokes shifts (νST) ranging from 123−143 

nm (3590−3880 cm−1). The copolymer [(BF2L)-(hex2Fl)]n, exhibits two emission maxima when 

excited at 327 nm. The first is a broad, bimodal signal, with a wavelength of maximum emission 

(λem) at 352 nm. The second maxima at 669 nm was consistent with the emission spectra of BF2 

formazanates (Fig. S25).39 The fact that the intense emission normally associated with hex2Fl 

has been quenched leads us to believe that a photoinduced electron transfer (PET) mechanism 

may be implicated for these systems. However, as the high energy absorption/emission bands for 

BF2L and hex2Fl overlap, we were unable to probe this behavior further. The emission spectra of 

the copolymers were also unchanged with variation in molecular weight (Fig. S23). The 

emission spectra for the model compounds were qualitatively similar to the copolymer, with the 

high energy emission maxima generally decreasing in intensity when the ratio of BF2L to hex2Fl 

units was increased (Table 1). All of the compounds reported in this study were non-emissive in 

the solid state.  
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Table 1. Summary of absorption/emission and electrochemical properties in DMF and as thin 
films.  

 λmax, DMF 

(nm) 

λmax, film 

(nm) 

λem, DMF 

(nm) 

ΦF, DMF 

(%)
a 

νST, DMF 

(nm) 

νST, DMF 

(cm
−1

) 

E°red1
c
 

(V) 

E°red2
c
 

(V) 

hex2Fl 304 - 317 41.5 13 1350 - - 

BF2L 
306 - 338 

0.2 
32 3090 

−0.80 −2.00 
505 525 628 123 3880 

(BF2L)-(hex2Fl) 
317 - 352 

2.3 
35 3140 

−0.77 −1.84 
533 554 669 136 3810 

(hex2Fl)-(BF2L)-(hex2Fl) 
314 - 382 

2.2 
68 5670 

−0.75 −1.86 
557 583 700 143 3670 

(BF2L)-(hex2Fl)-(BF2L) 
326 - 383 

2.0 
57 4560 

−0.78 −1.93 
533 559 670 137 3840 

[(BF2L)-(hex2Fl)]n 

327 - 382 
1.2 

55 4400 
−0.73 −1.76b 

557 586 696 139 3590 
aQuantum yields were measured using ruthenium tris(bipyridine) hexafluorophosphate  as a 
relative standard59-60 and corrected for wavelength-dependent detector sensitivity (Fig. S26). 
bOnset of irreversible reduction, cathodic peak potential quoted. cCyclic voltammetry 
experiments were conducted in DMF containing 1 mM analyte and 0.1 M nBu4PF6 as supporting 
electrolyte at a scan rate of 250 mV s−1. All voltammograms were referenced internally against 
the ferrocene/ferrocenium redox couple.  

 

Cyclic Voltammetry 

The electrochemical properties of copolymer [(BF2L)-(hex2Fl)]n and each of the model 

compounds are dominated by the BF2L fragments, as 9,9-di-n-hexylfluorene is not redox-active 

within the electrochemical window of DMF (Fig. S27). All model compounds gave rise to two 

reversible one-electron reduction waves per BF2L unit in their cyclic voltammograms (Figs. 

S28–S31). The first reduction corresponds to the formation of a ligand-centered radical anions, 

and the second to ligand-centered dianions.37-38, 61 The copolymer [(BF2L)-(hex2Fl)]n had 

broadened electrochemical features, including a chemically-reversible one-electron reduction at 

E°red1 = −0.73 V vs. the ferrocene/ferrocenium redox couple, and a second one-electron 

irreversible reduction at an onset potential, Epc = −1.76 V (Fig. 8). We also consistently observed 

the presence of a small irreversible oxidation process over multiple experiments at an onset of 
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Epa = 0.35 V. The first reduction potentials (E°red1) of the compounds and copolymer follow a 

logical trend with the number of triazoles present in the compound (Table 2). The model 

compound with no triazoles present (BF2L) is the most difficult to reduce, at E°red1 = −0.80 V. 

Adding one triazole, in model compounds (BF2L)-(hex2Fl)-(BF2L) and (BF2L)-(hex2Fl) makes 

the BF2 formazanate slightly easier to reduce (E°red1: −0.77 V and −0.78 V, respectively). 

Finally, compound (hex2Fl)-(BF2L)-(hex2Fl) with two triazoles is the easiest model compound 

to reduce, with a first reduction potential of −0.75 V, very similar to that of [(BF2L)-(hex2F)]n 

(E°red1 = −0.73 V). The energies of the lowest occupied molecular orbital (ELUMO) for each 

species were estimated from the onset of the first reduction, and ranged from −4.79 to −4.81 eV 

(Table 2).   

Table 2. Optical and electrochemical band gaps and HOMO/LUMO energies. 
 Eg (nm)

a 
Eg (eV)

a 
ELUMO (eV)

b 
EHOMO (eV)

c 

BF2L 660 1.88 −4.74 −6.62 
(BF2L)-(hex2Fl) 703 1.76 −4.75 −6.51 

(hex2Fl)-(BF2L)-(hex2Fl) 736 1.68 −4.77 −6.45 
(BF2L)-(hex2Fl)-(BF2L) 700 1.77 −4.76 −6.53 

[(BF2L)-(hex2Fl)]n 744 1.67 −4.81 −6.48 
aEstimated from the onset of absorption in the thin-film UV-vis spectra. bEstimated from the 
onset of the first electrochemical reduction, with the ferrocene/ferrocenium oxidation set at a 
potential of 5.39 eV.62 cEstimated from the ELUMO level and the optical band gap. 
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Fig. 8 Cyclic voltammogram of [(BF2L)-(hex2Fl)]n recorded at 250 mV s−1 in a 1 mM DMF 
solution containing 0.1 M nBu4NPF6 as supporting electrolyte.  

 

Conclusions 

In conclusion, we have successfully synthesized the first π-conjugated copolymers based on BF2 

formazanate complexes. Comparing the absorption spectra of model compounds with that of the 

copolymer indicate that π conjugation of the BF2L and hex2Fl units does not extend beyond the 

triazole groups formed by alkyne-azide cycloaddition. The addition of each triazole unit shifts 

the wavelengths of maximum absorption and emission of both units by ca. 30 nm, and also make 

the compounds easier to reduce by ca. 30 mV. Based on the thin-film UV-vis absorption spectra 

we estimate an optical band gap of 1.67 eV for the copolymer, highlighting the potential 

application of this material in organic light-harvesting devices. Our future work in this area will 

focus on the direct coupling of BF2 formazanate fragments to π-conjugated organic spacers in 

order to further increase the extent of π conjugation along the backbone of BF2 formazanate 

polymers.  
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Experimental Section 

General Considerations 

All reactions and manipulations were carried out under a nitrogen atmosphere using standard 

Schlenk techniques unless otherwise stated. Solvents were obtained from Caledon Laboratories, 

dried using an Innovative Technologies Inc. solvent purification system, collected under vacuum 

and stored under a nitrogen atmosphere over 4 Å molecular sieves. All reagents were purchased 

from Sigma-Aldrich or Alfa Aesar and used as received. N3(hex2Fl)N3,
63 hex2Fl,64 LH

65
 and 

BF2L
49 were prepared according to literature procedures.  

NMR spectra were recorded on 400 MHz (1H: 399.8 MHz, 11B: 128.3 MHz, 19F: 376.1 

MHz) or 600 MHz (1H: 599.5 MHz, 13C: 150.8 MHz) Varian INOVA instruments. 1H NMR 

spectra were referenced to residual CHCl3 (7.26 ppm) and 13C NMR spectra were referenced to 

CDCl3 (77.2 ppm). 11B spectra were referenced to BF3·OEt2 at 0 ppm and 19F spectra were 

referenced to CFCl3 at 0 ppm. Mass spectrometry data were recorded in positive-ion mode on a 

high-resolution Finnigan MAT 8200 spectrometer using electron impact ionization or a 

Micromass LCT electrospray time-of-flight mass spectrometer. UV-vis absorption spectra were 

recorded using Cary 300 or Cary 5000 instruments. Four separate concentrations were run for 

each sample and molar extinction coefficients were determined from the slope of a plot of 

absorbance against concentration. Thin-film absorption spectra were recorded for films prepared 

by spin coating onto glass from a 15 mg mL−1 solution in chlorobenzene at room temperature. 

Infrared spectra were recorded on a KBr disk using a Bruker Vector 33 FT-IR spectrometer. 

Emission spectra were obtained using a Photon Technology International QM-4 SE 

spectrofluorometer. Excitation wavelengths were chosen based on λmax from the respective UV-

vis absorption spectrum in the same solvent. Emission quantum yields were estimated relative to 
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ruthenium tris(bipyridine) hexafluorophosphate and corrected for wavelength dependent detector 

sensitivity (Fig. S24).60 Powder samples of [(BF2L)-(hex2Fl)]n were analyzed using an Inel CPS 

powder diffractometer with a CuKα source of λ = 1.5406 Å. 

Electrochemical Methods  

Cyclic voltammetry experiments were performed with a Bioanalytical Systems Inc. (BASi) 

Epsilon potentiostat and analyzed using BASi Epsilon software. Electrochemical cells consisted 

of a three-electrode setup including a glassy carbon working electrode, platinum wire counter 

electrode and silver wire pseudo reference electrode. Experiments were run at scan rates of 100 

or 250 mV s−1 in degassed DMF solutions of the analyte (~1 mM) and supporting electrolyte (0.1 

M nBu4PF6). Cyclic voltammograms were referenced against an internal standard (~1 mM 

ferrocene) and corrected for internal cell resistance using the BASi Epsilon software.  

Gel permeation chromatography (GPC)  

GPC experiments were conducted in chromatography grade DMF at concentrations of                 

5 mg mL−1 using a Waters 2695 separations module equipped with a Waters 2414 differential 

refractometer and two PLgel 5 m mixed-D (300 × 7.5 mm) columns from Polymer Laboratories 

connected in series. The calibration was performed using polystyrene standards. 

Thermal Analysis 

Thermal degradation studies were performed using a TA Instruments Q50 TGA. A sample of 

copolymer [(BF2)-(hex2Fl)]n was placed in a platinum pan and heated at a rate of 10 °C min−1 

from room temperature to 1,000 °C under a flow of nitrogen (100 mL min−1). Differential 

Scanning Calorimetry studies were performed on a TA Instruments DSC Q2000. A sample of 

copolymer [(BF2)-(hex2Fl)]n was placed in an aluminum Tzero pan and heated from 20 °C to      
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200 °C at 10 °C min−1 under a flow of nitrogen (50 mL min−1) and cooled down to 20 °C at 10 

°C min−1, before the sample underwent two additional heating/cooling cycles.  

Scanning Electron Microscopy 

Thin films of copolymer [(BF2L)-(hex2Fl)]n were prepared by spin coating (150 rpm, 10 s, then 

2000 rpm, 30 s) a 15 mg mL‒1 solution of [(BF2L)-(hex2Fl)]n in chlorobenzene at room 

temperature onto silicon wafers. The surface morphology was assessed directly by scanning 

electron microscopy (SEM) at 2 keV beam energy using the LEO/Zeisss 1530 instrument at the 

Western Nanofabrication Facility. 

Preparation of (hex2Fl)N3 

2-Bromo-9,9-di-n-hexylfluorene (2.50 g, 6.05 mmol) was dissolved in dry THF (125 mL) and 

cooled to −78 °C. n-BuLi (5.5 mL of a 2.5 M solution in hexanes, 14 mmol) was added slowly 

via a dropping funnel over a 20 min period. Upon addition, the solution turned a bright yellow 

color, and was stirred for 90 min at −78 °C. Tosyl azide (2.72 g, 13.8 mmol) was dissolved in 25 

mL dry THF and added slowly to the 9,9-di-n-hexylfluorene solution, causing it to change to a 

dark orange/brown color. The reaction was warmed to room temperature and stirred for an 

additional 18 h. Deionized H2O (10 mL) was then added to quench any excess n-BuLi, and the 

organics were extracted into CH2Cl2, dried over MgSO4, gravity filtered and concentrated in 

vacuo. The resulting residue was purified by flash chromatography (petroleum ether, silica) to 

yield a light yellow oil. Yield = 0.58 g, 26%. 1H NMR (599.5 MHz, CDCl3) δ 7.67−7.64 (m, 2H, 

aryl CH), 7.33−7.27 (m, 3H, aryl CH), 7.01−6.98 (m, 2H, aryl CH), 1.99−1.89 (m, 4H, alkyl 

CH), 1.14−1.03 (m, 12H, alkyl CH), 0.77 (t, 3
JHH = 7 Hz, 6H, alkyl CH), 0.62−0.57 (m, 4H, 

alkyl CH). 13C{1H} NMR (100.6 MHz, CDCl3): δ 153.1, 150.6, 140.5, 138.9, 138.6, 127.2, 

127.1, 123.0, 120.9, 119.6, 117.9, 113.8, 55.4, 40.6, 31.7, 29.9, 23.9, 22.8, 14.2. FT-IR (KBr): 
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2938 (m), 2926 (s), 2856 (m), 2102 (s), 1559 (m), 1456 (m), 1375 (w), 1291 (m), 1123 (w), 1084 

(w), 817 (m), 736 (m) cm−1. UV-vis (CH2Cl2): λmax = 276 nm (ε = 23,800 M−1 cm−1). Mass Spec. 

(EI, +ve mode): exact mass calculated for [C25H33N3]
+: 375.2674; exact mass found: 375.2669; 

difference: −1.3 ppm. 

Preparation of HC2(LH) 

In air, phenylhydrazine (0.9 g, 0.8 mL, 9 mmol) was dissolved in ethanol (10 mL) before 

benzaldehyde (0.9 g, 0.9 mL, 9 mmol) was added and the solution stirred for 10 min. After this 

time, a light yellow precipitate had formed and CH2Cl2 (75 mL) and deionized H2O (75 mL) 

were added to form a biphasic reaction mixture. Na2CO3 (2.88 g, 27.2 mmol) and nBu4NBr (0.27 

g, 0.85 mmol) were added, and the mixture was cooled with stirring for 30 min in an ice bath to 

0 °C. In a separate flask, 4-ethynylaniline (1.00 g, 8.50 mmol) and concentrated HCl (2.2 mL, 26 

mmol) were mixed in deionized H2O (15 mL) and cooled in an ice bath. A cooled solution of 

sodium nitrite (0.67 g, 9.7 mmol) in deionized H2O (5 mL) was added slowly to the amine 

solution over a 5 min period. This mixture was then stirred at 0 °C for 30 min, after which time it 

was added dropwise to the biphasic reaction mixture described above over a 10 min period. The 

resulting solution was stirred for 18 h, gradually turning dark red over this time. The dark red 

organic fraction was then washed with deionized H2O (3 × 50 mL), dried over MgSO4, gravity 

filtered and concentrated in vacuo. The resulting residue was purified by flash chromatography 

(CH2Cl2, neutral alumina) to afford a dark red microcrystalline solid. Yield = 1.56 g, 57%. 

Melting point = 181–183 °C. 1H NMR (599.5 MHz, CDCl3) δ 15.34 (s, 1H, NH), 8.13 (d, 3JHH = 

7 Hz, 2H, aryl CH), 7.79 (d, 3
JHH = 8 Hz, 2H, aryl CH), 7.55 (s, 4H, aryl CH),  7.52−7.46 (m, 

8H, aryl CH), 7.43−7.35 (m, 2H, aryl CH), 3.15 (s, 1H, alkyne CH). 13C{1H} NMR (100.6 MHz, 

CDCl3): δ 149.6, 146.5, 141.7, 137.3, 133.6, 129.6, 129.4, 128.6, 128.0, 126.1, 120.3, 119.4, 
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117.4, 83.8, 78.1. FT-IR (KBr): 3280 (s), 3064 (m), 3033 (w), 2915 (m), 2849 (w), 1506 (s), 

1436 (m), 1348 (m), 1313 (m), 1227 (m), 1162 (m), 1017 (m), 826 (m), 762 (s) cm−1. UV-vis 

(CH2Cl2): λmax = 306 nm (ε = 39,400 M−1 cm−1), 491 nm (ε = 24,000 M−1 cm−1). Mass Spec. (EI, 

+ve mode): exact mass calculated for [C21H16N4]
+: 324.1375; exact mass found: 324.1373; 

difference: −0.6 ppm. 

Preparation of HC2(BF2L) 

HC2(LH) (2.00 g, 6.17 mmol) was dissolved in dry toluene (200 mL). NEt3 (1.9 g, 2.6 mL, 18 

mmol) was then added slowly and the solution was stirred for 10 min. BF3·OEt2 (4.3 g, 3.8 mL, 

30 mmol) was then added, and the solution was heated at 80 ºC for 18 h. The solution gradually 

turned from dark red to dark purple during this time. After cooling to 20 ºC, deionized H2O (10 

mL) was added to quench any excess reactive boron-containing compounds. The purple toluene 

solution was then washed with deionized H2O (3 × 50 mL), dried over MgSO4, gravity filtered 

and concentrated in vacuo. The resulting residue was purified by flash chromatography (CH2Cl2, 

neutral alumina) to yield a dark purple microcrystalline solid. Yield = 1.87 g, 83%. Melting point 

= 166−168 °C. 1H NMR (399.8 MHz, CDCl3) δ 8.12 (d, 3
JHH

 = 7 Hz, 2H, aryl CH), 7.94−7.89 

(m, 4H, aryl CH), 7.60 (d, 3
JHH

 = 8 Hz, 2H, aryl CH), 7.53−7.43 (m, 6H, aryl CH), 3.24 (s, 1H, 

alkyne CH) ppm. 13C NMR (100.6 MHz, CDCl3): δ 144.0, 133.5, 133.0, 130.2, 129.6, 129.3, 

128.9, 125.7, 123.6, 123.5, 123.2, 83.0, 80.1 ppm. 11B NMR (128.3 MHz, CDCl3): δ −0.6 (t, 1JBF 

= 29 Hz) ppm. 19F NMR (376.1 MHz, CDCl3) δ −143.6 (q, 1
JBF = 29 Hz) ppm. FT-IR (KBr): 

3066 (w), 3033 (w), 2917 (m), 2848 (m), 1507 (m), 1456 (m), 1348 (m), 1232 (s), 1148 (m), 

1042 (m), 1017 (m), 764 (m) cm−1. UV-vis (CH2Cl2): λmax = 312 nm (ε = 27,400 M−1 cm−1), 526 

nm (ε = 28,300 M−1 cm−1). Mass Spec. (EI, +ve mode): exact mass calculated for 

[C21H15N4BF2]
+: 372.1358; exact mass found: 372.1355; difference: −0.8 ppm. 
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Preparation of HC2(LH)C2H 

In air, phenyl pyruvic acid (1.40 g, 8.53 mmol) was dissolved in 100 mL deionized H2O 

containing NaOH (2.55 g, 6.38 mmol), and cooled in an ice bath. In a separate flask, 4-ethynyl 

aniline (2.00 g, 17.0 mmol) and concentrated hydrochloric acid (4.3 mL, 51 mmol) were mixed 

in deionized H2O (15 mL) and cooled in an ice bath to 0 °C. A cooled solution of sodium nitrite 

(1.35 g, 20.0 mmol) in H2O (5 mL) was then added slowly to the amine solution over a 5 min 

period. This mixture was stirred at 0 °C for 30 min, after which time it was added dropwise to 

the biphasic reaction mixture described above over a 10 min period. A dark red/purple 

precipitate formed almost immediately. The resulting mixture was stirred for an additional 18 h. 

The dark red/purple precipitate was then collected by filtration and washed with deionized H2O 

(3 × 50 mL). The resulting residue was purified by flash chromatography (CH2Cl2, neutral 

alumina) to afford a dark red microcrystalline solid. Yield = 1.70 g, 57%. Melting point = 157–

159 °C. 1H NMR (599.5 MHz, CDCl3) δ 15.28 (s, 1H, NH), 8.07−8.06 (m, 2H, aryl CH), 

7.58−7.54 (m, 8H, aryl CH), 7.44−7.42 (m, 2H, aryl CH), 7.37−7.35 (m, 1H, aryl CH), 3.20 (s, 

2H, alkyne CH).  13C{1H} NMR (100.6 MHz, CDCl3): δ 147.8, 141.8, 137.0, 133.4, 128.5, 

128.1, 126.1, 121.2, 118.8, 83.6, 78.8. FT-IR (KBr): 3276 (s), 3056 (w), 3033 (m), 2921 (m), 

2852 (m), 1506 (s), 1345 (m), 1310 (w), 1224 (s), 1188 (m), 1162 (m), 1042 (m), 1018 (m), 832 

(m), 768 (m) cm−1. UV-vis (CH2Cl2): λmax = 276 nm (ε = 51,200 M−1 cm−1), 511 nm (ε = 20,500 

M−1 cm−1). Mass Spec. (EI, +ve mode): exact mass calculated for [C23H16N4]
+: 348.1375; exact 

mass found: 348.1380; difference: +1.4 ppm. 

Preparation of HC2(BF2L)C2H 

HC2(LH)C2H (0.70 g, 2.0 mmol) was dissolved in dry toluene (70 mL). NEt3 (0.61 g, 0.84 mL, 

6.0 mmol) was then added slowly and the solution was stirred for 10 min. BF3·OEt2 (1.4 g, 1.2 
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mL, 10. mmol) was then added, and the solution was heated at 80 ºC for 18 h. The solution 

gradually turned from dark red to dark purple during this time. After cooling to 20 ºC, deionized 

H2O (10 mL) was added to quench any excess reactive boron-containing compounds. The purple 

toluene solution was then washed with deionized H2O (3 × 50 mL), dried over MgSO4, gravity 

filtered and concentrated in vacuo. The resulting residue was purified by flash chromatography 

(CH2Cl2, neutral alumina) to yield a dark purple microcrystalline solid. Yield = 0.51 g, 65%. 

Melting point = 162−164 °C. 1H NMR (399.8 MHz, CDCl3) δ 8.11−8.09 (m, 2H, aryl CH), 7.91 

(d, 3JHH
 = 8 Hz, 4H, aryl CH), 7.61−7.58 (m, 4H, aryl CH), 7.52−7.45 (m, 3H, aryl CH), 3.25 (s, 

2H, alkyne CH) ppm. 13C NMR (100.6 MHz, CDCl3): δ 143.9, 133.4, 133.1, 129.7, 129.0, 125.7, 

123.9, 123.3, 118.8, 83.0, 80.4 ppm. 11B NMR (128.3 MHz, CDCl3): δ −0.6 (t, 1
JBF = 29 Hz) 

ppm. 19F NMR (376.1 MHz, CDCl3) δ −142.9 (q, 1
JBF = 29 Hz) ppm. FT-IR (KBr): 3065 (w), 

3035 (w), 2938 (m), 2922 (m), 2857 (m), 1508 (s), 1456 (m), 1347 (m), 1301 (s), 1267 (s), 1222 

(m), 1175 (m), 1119 (m), 1025 (m), 967 (s) cm−1. UV-vis (CH2Cl2): λmax = 317 nm (ε = 24,000 

M−1 cm−1), 541 nm (ε = 27,700 M−1 cm−1). Mass Spec. (EI, +ve mode): exact mass calculated for 

[C23H15N4BF2]
+: 396.1358; exact mass found: 396.1360; difference: +0.5 ppm.   

Preparation of (BF2L)-(hex2Fl) 

HC2(BF2L) (0.20 g, 0.54 mmol) was mixed with (hex2Fl)N3 (0.20 g, 0.54 mmol) in dry THF (6 

mL). Cu(PPh3)3Br (0.02 g, 0.03 mmol) was then added and the mixture was purged with N2 gas 

for 15 min. The reaction mixture was heated with stirring at 60 °C for 18 h before it was cooled 

to room temperature and filtered through a small pad of neutral alumina. The resulting purple 

solution was concentrated in vacuo and the residue was purified by flash chromatography (2:1 

CH2Cl2:hexanes, neutral alumina) to afford (BF2L)-(hex2Fl) as a dark purple solid. Yield = 0.35 

g, 87%. Melting point = 63−65 °C. 1H NMR (399.8 MHz, CDCl3) δ 8.33 (s, 1H, triazole CH), 
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8.16−8.14 (m, 2H, aryl CH), 8.09−8.04 (m, 4H, aryl CH), 7.95−7.93 (m, 2H, aryl CH), 

7.85−7.74 (m, 4H, aryl CH), 7.52−7.45 (m, 6H, aryl CH), 7.38−7.37 (m, 3H, aryl CH), 

2.06−2.01 (m, 4H, alkyl CH), 1.13−1.02 (m, 12H, alkyl CH), 0.77−0.74 (m, 6H, alkyl CH), 

0.66−0.61 (m, 4H, alkyl CH) ppm. 13C NMR (100.6 MHz, CDCl3): δ 152.9, 151.1, 149.3, 147.2, 

144.0, 143.8, 142.1, 139.7, 135.9, 133.7, 131.8, 129.9, 129.5, 129.2, 128.9, 128.0, 127.2, 126.5, 

125.6, 124.0, 123.6, 123.1, 120.7, 120.2, 119.4, 118.6, 115.4, 55.8, 40.5, 31.6, 29.7, 23.9, 22.7, 

14.1 ppm. 11B NMR (128.3 MHz, CDCl3): δ −0.5 (t, 1
JBF = 29 Hz) ppm. 19F NMR (376.1 MHz, 

CDCl3) δ −144.1 (q, 1
JBF = 29 Hz) ppm. FT-IR (KBr): 3062 (m), 2935 (m), 2924 (m), 2851 (m), 

1456 (m), 1348 (w), 1296 (m), 1268 (m), 1222 (w), 1119 (m), 964 (m), 764 (m) cm−1. UV-vis 

(CH2Cl2): λmax 315 nm (ε = 54,900 M−1 cm−1), 532 nm (ε = 31,100 M−1 cm−1). Mass Spec. (EI, 

+ve mode): exact mass calculated for [C46H48N7BF2]
+: 747.4032; exact mass found: 747.4027; 

difference: −0.7 ppm.   

Preparation of (BF2L)-(hex2Fl)-(BF2L) 

HC2(BF2L) (0.15 g, 0.40 mmol) was mixed with N3(hex2F)N3 (0.08 g, 0.2 mmol) in dry THF (3 

mL). Cu(PPh3)3Br (0.02 g, 0.02 mmol) was then added and the mixture was purged with N2 gas 

for 15 min. The reaction mixture was heated with stirring at 60 °C for 18 h before it was cooled 

to room temperature and filtered through a pad of neutral alumina. The resulting purple solution 

was concentrated in vacuo and the residue was purified by flash chromatography (2:1 

CH2Cl2:hexanes, neutral alumina) to afford (BF2L)-(hex2Fl)-(BF2L) as a dark purple solid. 

Yield = 0.20 g, 86%. Melting point = 118−120 °C. 1H NMR (399.8 MHz, CDCl3) δ 8.36 (s, 2H, 

triazole CH), 8.16−8.14 (m, 4H, aryl CH), 8.10−8.05 (m, 8H, aryl CH), 7.96−7.87 (m, 8H, aryl 

CH), 7.82−7.80 (m, 2H, aryl CH), 7.53−7.44 (m, 12H, aryl CH), 2.15−2.10 (m, 4H, alkyl CH), 

1.14−1.03 (m, 12H, alkyl CH), 0.77−0.74 (m, 6H, alkyl CH), 0.70−0.66 (m, 4H, alkyl CH) ppm. 
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13C NMR (100.6 MHz, CDCl3): δ 153.2, 149.2, 147.4, 144.0, 143.9, 140.6, 136.6, 133.7, 131.6, 

130.0, 129.5, 129.3, 128.9, 126.6, 125.7, 124.1, 123.6, 121.3, 119.7, 118.5, 115.4, 56.4, 40.5, 

31.6, 29.7, 24.0, 22.7, 14.1 ppm. 11B NMR (128.3 MHz, CDCl3): δ −0.5 (t, 1
JBF = 28 Hz) ppm. 

19F NMR (376.1 MHz, CDCl3) δ −143.7 (q, 1
JBF = 28 Hz) ppm. FT-IR (KBr): 3065 (m), 3048 

(m), 2951 (m), 2925 (s), 2852 (m), 1477 (m), 1419 (m), 1350 (m), 1296 (s), 1267 (s), 1222 (m), 

1119 (m), 1007 (m), 964 (s), 845 (m), 763 (s) cm−1. UV-vis (CH2Cl2): λmax 325 nm (ε = 73, 200 

M−1 cm−1) 535 nm (ε = 51,200 M−1 cm−1). Mass Spec. (ESI, +ve mode): exact mass calculated 

for [C67H62N14BF2·Na]+: 1183.5302; exact mass found: 1183.5309; difference: −0.6 ppm.   

Preparation of (hex2Fl)-(BF2L)-(hex2Fl) 

HC2(BF2L)C2H (0.10 g, 0.25 mmol) was mixed with (hex2Fl)N3 (0.19 g, 0.50 mmol) in dry 

THF (4 mL). Cu(PPh3)3Br (0.02 g, 0.03 mmol) was then added and the mixture was purged with 

N2 gas for 15 min. The reaction mixture was heated with stirring at 60 °C for 18 h before it was 

cooled to room temperature and filtered through a pad of neutral alumina. The resulting purple 

solution was concentrated in vacuo and the residue was purified by flash chromatography 

(CH2Cl2, silica gel) to afford (hex2Fl)-(BF2L)-(hex2Fl) as a dark purple solid. Yield = 0.21 g, 

71%. Melting point = 77−79 °C. 1H NMR (399.8 MHz, CDCl3) δ 8.36 (s, 2H, triazole CH), 8.18 

(d, 3
JHH

 = 8 Hz, 2H, aryl CH), 8.11−8.07 (m, 8H, aryl CH), 7.85−7.82 (m, 4H, aryl CH), 

7.76−7.73 (m, 4H, aryl CH), 7.54−7.46 (m, 3H, aryl CH), 7.40−7.37 (m, 6H, aryl CH), 

2.06−2.03 (m, 8H, alkyl CH), 1.13−1.02 (m, 24H, alkyl CH), 0.76 (t, 3
JHH

 = 7 Hz, 12H, alkyl 

CH), 0.68−0.63 (m, 8H, alkyl CH) ppm. 13C NMR (100.6 MHz, CDCl3): δ 152.8, 151.0, 147.2, 

143.8, 142.1, 139.7, 135.9, 133.6, 131.8, 129.5, 129.5, 128.9, 128.0, 127.2, 126.5, 125.6, 124.0, 

123.1, 120.7, 120.2, 119.4, 118.5, 115.4, 55.7, 40.4, 31.5, 29.7, 23.8, 22.6, 14.0 ppm. 11B NMR 

(128.3 MHz, CDCl3): δ −0.5 (t, 1
JBF = 29 Hz) ppm. 19F NMR (376.1 MHz, CDCl3) δ −143.6 (q, 

Page 24 of 31Polymer Chemistry



25 
 

1
JBF = 29 Hz) ppm. FT-IR (KBr): 3141 (m), 3035 (m), 2938 (m), 2924 (s), 2852 (m), 1457 (s), 

1299 (s), 1268 (s), 1227 (m), 1180 (m), 1122 (w), 1028 (m), 963 (s), 843 (m), 737 (m) cm−1. UV-

vis (CH2Cl2): λmax 315 nm (ε = 61,600 M−1 cm−1), 556 nm (ε = 31,100 M−1 cm−1). Mass Spec. 

(ESI, +ve mode): exact mass calculated for [C73H81N10BF2·Na]+: 1169.6604; exact mass found: 

1169.6616; difference: −1.0 ppm.   

Preparation of [(BF2L)-(hex2Fl)]n 

In a typical procedure, HC2(BF2L)C2H (0.13 g, 0.34 mmol) was mixed with N3(hex2F)N3 (0.14 

g, 0.34 mmol) in dry THF (3 mL). Cu(PPh3)3Br (0.02 g, 0.02 mmol) was then added and the 

mixture was purged with N2 for 15 min. The reaction mixture was heated with stirring at 60 °C 

for 48 h before it was cooled to room temperature and filtered through a pad of neutral alumina. 

The resulting solution was added to cold hexanes to precipitate [(BF2L)-(hex2Fl)]n as a dark 

purple solid. The precipitation was repeated two additional times. Yield = 0.26 g, 94%. 1H NMR 

(399.8 MHz, CDCl3) δ 8.38−8.30 (m, 2H, triazole CH), 8.18−8.07 (m, 5H, aryl CH), 7.94−7.80 

(m, 5H, aryl CH), 7.70−7.47 (m, 9H, aryl CH), 2.13−1.82 (m, 6H, alkyl CH), 1.13−0.97 (m, 

10H, alkyl CH), 0.80−0.69 (m, 8H, alkyl CH), 0.49 (br s, 2H, alkyl CH) ppm. 11B NMR (128.3 

MHz, CDCl3): δ −0.5 (br s) ppm. 19F NMR (376.1 MHz, CDCl3) δ −143.4 (br s) ppm. FT-IR 

(KBr): 3057 (m), 2936 (m), 2924 (s), 2852 (s), 1473 (m), 1436 (m), 1346 (m), 1299 (m), 1268 

(m), 1222 (m), 1176 (m), 1119 (m), 1007 (m), 963 (m), 842 (m), 720 (m) cm−1. UV-vis (DMF): 

λmax 330 nm (ε = 45, 700 M−1 cm−1), 559 nm (ε = 25, 700 M−1 cm−1). GPC (DMF, conventional 

calibration vs. PS standards): Mn = 17,000 g mol−1, Mw = 32,750 g mol−1, Đ = 2.14. 

Molecular Weight of [(BF2L)-(hex2Fl)]n as a Function of Reaction Time 

In a typical procedure, HC2(BF2L)C2H (0.119 g, 0.30 mmol) was mixed with N3(hex2F)N3 

(0.125 g, 0.30 mmol) in dry THF (3 mL). Cu(PPh3)3Br (0.014 g, 0.015 mmol) was then added, 
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and the mixture was purged with N2 for 15 min. The reaction mixture was heated with stirring at 

60 °C. Aliquots (0.5 mL) were removed from the reactions at 12, 24, 48, 72 and 168 h. All 

aliquots were filtered through a pad of neutral alumina. The resulting solution was added to cold 

hexanes to precipitate [(BF2L)-(hex2Fl)]n as a dark purple solid. The precipitation was repeated 

two additional times. The degree of polymerization was determined by GPC analysis in DMF 

(conventional calibration vs. polystyrene).  
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