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Polylutidines: Multifunctional surfaces via vapor-based 

polymerization of substituted pyridinophanes 

Florence Bally-Le Gall,[a,b,†] Christoph Hussal,[a,†] Joshua Kramer,[c] Kenneth Cheng,[d] Ramya Kumar,[d] 

Thomas Eyster,[d] Amy Baek,[d] Vanessa Trouillet,[e] Martin Nieger, [f] Stefan Bräse,*[c,g] and Joerg 

Lahann*[a,d] 

 

Abstract: We report a new class of functionalized polylutidine 

polymers that are prepared via chemical vapor deposition 

polymerization of substituted [2](1,4)benzeno[2](2,5)pyridinophanes. 

To prepare sufficient monomer for CVD polymerization, a new 

synthesis route for ethynylpyridinophane has been developed in 

three steps with an overall yield of 59%. Subsequent CVD 

polymerization yielded well-defined films of poly(2,5-lutidinylene-co-

p-xylylene) and poly(4-ethynyl-2,5-lutidinylene-co-p-xylylene). All 

polymers were characterized by IRRAS, ellipsometry, contact angle 

and XPS. Moreover, ζ-potential measurements revealed that 

polylutidine films have higher isoelectric points than the 

corresponding poly-xylylene surfaces owing to nitrogen atoms in the 

polymer backbone. The availability of reactive alkyne groups on the 

surface of poly(4-ethynyl-2,5-lutidinylene-co-p-xylylene) coatings 

was confirmed by spatially controlled surface modification via 

Huisgen 1,3-dipolar cycloaddition. Compared to the more 

hydrophobic poly-p-xylylyenes, the presence of the heteroatom in 

the polymer backbone of polylutidine polymers resulted in surfaces 

that supported an increased adhesion of primary human umbilical 

vein endothelial cells (HUVECs). Vapor-based polylutidine coatings 

are a new class of polymers that feature increased hydrophilicity and 

increased cell adhesion without limiting the flexibility in selecting 

appropriate functional side groups. 

Reactive polymer coatings are of major interest for many 

applications, ranging from biotechnology to heterogeneous 

catalysis.[1] Chemical vapor deposition (CVD) polymerization 

based on the Gorham process is a convenient and substrate-

independent process to synthesize stable, reactive coatings.[2-6] 

FDA-approved in some instances,[7] poly-p-xylylene-based 

coatings have been prepared by CVD polymerization of 

[2.2]paracyclophane derivatives for surface modification and 

structuring of a wide range of materials.[8,5,9] The presence of 

substituents such as aldehyde, ketone, alcohol, ester, amine, as 

well as fluorinated groups, thiol reactive groups, ATRP initiator 

groups, photo-sensitive or alkynyl groups in the precursor and 

consequently in the polymer coating has enabled various post-

modification strategies.[2,10-23] Attachment of proteins, short 

peptides, nucleotides, and other small biologically active 

molecules onto this functional coating can dramatically change 

the response of adherent cells.[10,11,13,19] Therefore, precise 

design of surface chemistry provided by CVD enables to control 

cell behavior by tailoring interactions between CVD coatings and 

living organisms.[24]  

However, strategies taking advantage of the Gorham process to 

deposit vapor-based reactive coatings have so far almost 

always been limited to poly-p-xylylenes, i.e., entirely carbon-

based polymer backbones with prominent hydrophobicity.[25] In 

principle, the high degree of hydrophobicity can be mitigated by 

replacing one or two of the benzene rings with a 

heteroaromatics. In particular, electron-withdrawing heteroatoms, 

such as nitrogen, can introduce additional polarity into the 

polymer backbone, while still being able to conserve the 

chemical flexibility of the poly-p-xylylene system. Compared to 

the extensive literature related to functional [2.2]paracyclophane 

precursors for CVD polymerization, very little is known about 

synthetic pathways to functional heterophane precursors.[26-28] 

An example of a dimeric heterophane, that features a nitrogen 

heterocycle instead of benzene, 

 is [2](1,4)benzeno[2](2,5)pyridinophane (pyridinophane 1), 

which was first mentioned in literature in 1972, although the 

compound was obtained only in poor yields of 1%.[29] In 1973 an 

improved synthesis with better yields (60%) was reported.[30] An 

alternative synthesis from commercially available precursors 

was reported by Vögtle et al.,[28] but it was only recently, that a 

simplification of this synthetic route with multigram yields was 

published.[27] In 1995, Itoh and co-workers carried out the first 
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CVD polymerization of unfunctionalized heterophanes, which 

yielded in tough polymer films, probably due to considerable 

crosslinking.[31]  

Herein, we report a new synthetic approach towards chemically 

active polylutidine surfaces. Importantly, the development of a 

scalable synthesis route of substituted pyridinophanes allowed 

us to investigate the CVD polymerization of pyridinophane 1 and 

ethynylpyridinophane 4. We were able to regioselectively 

prepare the alkynylated pyridine precursor in an efficient way 

that can provide sufficient quantities for the CVD polymerization.  

 Results and Discussion 

The synthesis of pyridinophane 1, we carried out according to a 

recently reported synthesis starting from commercially available 

2,5-pyridinedicarboxylic acid.[27] In brief, after a esterification of 

the dicarboxylic acid and the subsequent treatment with NaBH4 

and bromination afforded one building block for the 

pyridinophane scaffold. The cyclophane formation with a dithiol 

and a photolytic dethionation resulted in pyridinophane 1. In our 

hands, the five-step synthesis resulted in improved yields of 

37% as compared to the literature-reported yield of 19%.[27] To 

date, the only known functionalization method of the 

heterophane scaffold is the introduction of a nitrile group in 

ortho-position to the nitrogen via a cyanation of the 

pyridinophane N-oxide with trimethylsilyl cyanide.[26-28] Thus, for 

the synthesis of pyridinophanes with substituents other than 

nitrile, such as the alkyne-substituted pyridinophane 4, a new 

synthesis route had to be developed. A common method for the 

alkynylation of pyridines is the metal-catalyzed cross coupling 

reaction, which requires halogenated or metalated pyridine 

derivatives. Because neither halogenation nor metalation is 

known in literature for pyridinophane 1, we decided to pursue a 

reductive functionalization via addition of nucleophiles to in situ 

generated N-alkoxycarbonyl pyridinium salts. We took 

advantage of the fact that copper(I)-catalyzed coupling of 

acetylenes with pyridines in the presence of an acid chloride or 

chloroformate activator can result in ortho-alkynyl products, even 

at room temperature.[32,33] Once synthesized, the resulting 

alkynylated dihydropyridine derivatives can be re-aromatised to 

the corresponding pyridines via oxidation with Chloranil[34] or 

DDQ.[35] While the alkynylation proceeds regioselectively in 2-

position for unsubstituted pyridine, a mixture of 1,2-, 1,4- and 

1,6-alkynylated adducts is reported for 3-substituted 

pyridines.[35,34] The ratio of regioisomers is significantly 

influenced by the substituent. Electron-withdrawing substituents 

predominantly yield 1,2-adducts. To date, the alkynylation of 

higher-substituted pyridines with this method has only been 

reported for 3,5-dimethylpyridine in low yields.[35] Due to the 

presence of a nitrogen atom, compound 1 is an electron-poor 

aromatic, and, compared to 2,5-disubstituted pyridine, it is a 

sterically more demanding and rigid molecule. We thus activated 

compound 1 prior to the addition of the nucleophile to further 

enhance the regioselectivity for the para-alkynylated product 

(Scheme 1A). In addtion, the introduction of the alkoxycarbonyl 

group at the nitrogen atom sterically inhibited the alkynylation at 

the ortho-position. For the subsequent alkynylation, the reaction 

temperature played a crucial role and increasing the 

temperature from –78 °C to 0 °C resulted in significantly higher 

yields. In our synthesis, the easy to handle trimethylsilyl-

protected acetylene was used as the alkyne source. After 

optimisation of the reaction conditions, we were able to conduct 

the copper(I)-catalyzed alkynylation with trimethylsilylacetylene 

at room temperature yielding the para-alkynylated 

dihydropyridinophane 2 in excellent yields (88%) as a single 

diastereomer. Under these conditions (see in ESI), only traces of 

the ortho-alkynylated adduct were observed. Subsequent re-

aromatisation of 2 DDQ yielded the trimethylsilylethynyl 

pyridinophane 3. Final cleavage of the trimethylsilyl moiety with 

TBAF gave the desired alkynylated pyridinophane 4 in excellent 

yield over three steps. The regioselectivity of the synthesis for 

the para-substituted pyridinophane was unambiguously proven 

by the X-ray structure of the final ethynylpyridinophane 4 (Figure 

1).  

A) 

Scheme 1. Three-step synthesis of ethynyl pyridinophane 4 starting from 

pyridinophane 1. 

 



This article is protected by copyright. All rights reserved 

FULL PAPER    

 

 

 

 

 

Figure 1. The molecular structure of ethynylpyridinophane 4, determined by 

crystal structure analysis. Displacement parameters are drawn at 50% 

probability level, minor disordered part omitted for clarity. 

 

Next, we investigated the CVD polymerization of 

unfunctionalized pyridinophane 1, ethynylpyridinophane 4 (Table 

1) and their corresponding, literature known, 

[2.2]paracyclophane analogues. 

 

Table 1. Synthesis of poly(p-xylylene) 7-8 and poly(2,5-lutidinylene-co-p-

xylylene) 9-10 coatings via CVD polymerization. 

 
Polymer X Y 

7 CH H 

8 CH CCH 

9 N H 

10 N CCH 

Briefly, CVD process consisted of sublimation of the phane 

derivative at approximately 100 °C, followed by its complete 

pyrolysis at a temperature between 510 and 660°C depending 

on the precursor. Spontaneous polymerization of the reactive 

intermediates occurred during deposition on rotating and cooled 

(15 °C) sample holder. The whole process occurred under 

reduced pressure in a home-made CVD set-up. Film 

thicknesses ranged between 25 – 65 nm, as measured by 

ellipsometry. Control of polymerization conditions, especially 

pyrolysis temperature, allowed selective cleavage of the 

ethylene bridges and preserved the integrity of the functional 

groups. Specially, infrared reflection absorption spectroscopy 

(IRRAS) confirmed the presence of alkyne groups in polymer 10 

after CVD polymerization: As shown in Figure 2, the IR spectrum 

reveals two characteristic bands corresponding to ≡C-H bond 

elongation (3292 cm–1) and C≡C bond deformation (2099 cm–1). 

In addition, the bands at 2823–3031 cm–1 indicate the presence 

of the lutidinylene and xylylene units. Symmetric and asymmetric 

C-H stretching modes are characteristic in this region (2823–

3031 cm–1).  

 

 

Figure 2. IRRAS spectrum of polymer 10 coating prepared by CVD 

polymerization of ethynylpyridinophane 4. 

 

Table 1. Chemical composition of polymers 7, 8, 9, 10 in at.% as 

determined by XPS measurements of the polymer films deposited on gold 

substrate (calculated theoretical compositions are included for 

comparison. 

 C–

C/H 

C–N(/O) C–N Residual 

O 

B.E. (eV) 285.0 285.8±0.2 399.±0.2 532.8±0.2 

7 

98.6 

(100) 

– – 1.4 (0) 

8 

99.6 

(100) 

– – 0.4 (0) 

9 

83.2 

(81.3) 

9.3 (12.5) 6.9 (6.3) 0.7 (0) 

10 

72.7 

(83.3) 

19.1 

(11.1) 

6.2 (5.6) 2.1 (0) 
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Chemical composition of the synthesized polymer coatings was 

further confirmed by X-ray photoelectron spectroscopy (XPS) 

(Table 2). XPS measurements revealed the presence of nitrogen 

atom in polymer 9 (6.9 at.%) and polymer 10 (6.2 at.%). The 

values are in good agreement with theoretical amounts (6.3 at.% 

and 5.6 at.%, respectively), calculated by on the basis of 

statistical copolymers with 2,5-lutidinylene and p-xylylene 

repeating units (see also Fig. 2 in ESI). These polymer coatings 

had low oxygen content (0.7 at.% and 2.1 at.%, respectively), 

implying the saturation of free polymer radicals on surface after 

the CVD polymerization. Peak fitting of the high resolution peak 

C 1s signals revealed that the polymers were comprised of 

carbon atoms with different chemical states. The C 1s spectra 

were in accordance with a peak the corresponds to the binding 

energy of C–C/H bonds, set to be 285.0 eV, and one peak at 

285.8 eV, which can be attributed to the binding energy of C–N 

bonds.  

Not surprisingly, poly(2,5-lutidinylene-co-p-xylylene) coatings 

have a higher wettability than poly(p-xylylene) coatings, because 

lutidinylene units display a higher polarity than xylylene ones. 

Contact angle measurements indicated that the 2,5-lutidinylene-

co-p-xylylene-based coatings were more hydrophilic than p-

xylylene-based coatings (average of 69° in comparison with 89° 

respectively).  

Furthermore, the nitrogen atom has a lone pair of electrons; as a 

result, the former can act as a Lewis base and create a partial 

charge on the surface. Such properties are usually of interest 

when cell adhesion to a surface is desired. We have previously 

observed that non-functionalized poly-p-xylylene coatings 

generally display limited promotion of cell adhesion, whereas 

coatings with more polar side groups support cell adhesion.[36] 

However, it is very difficult to predict general trends for cell 

adhesion to a surface based on simplified considerations of 

hydrophilicity[37-39] or the nature of the charge present on the 

surface.[40] It is also critical to attempt to decouple surface 

charge from surface wettability to independently study their 

effects on cell adhesion. Therefore, we hypothesized that the 

conversion of the aromatic carbon to a nitrogen in the polymer 

backbone endows poly(2,5-lutidinylene-co-p-xyxlylene) coatings 

with a partially positive charge, that could enhance cell adhesion 

and spreading over those cultured on that parylene coatings. To 

probe this hypothesis, primary human umbilical vein endothelial 

cells (HUVECs) were thus cultured on the different polymer 

coatings in serum-free media.  

Figure 3. Fluorescence microscopy of HUVECs cultured for four hours and 

stained with phalloidin/DAPI on (A) polymer 7, (B) polymer 8, (C) polymer 9 

and (D) polymer 10 and (E) Quantification of the number of cells for three 

images taken per substrate and averaged (three trails combined) for both non 

functionalized (polymer 7 and 9) and alkyne-functionalized substrates 

(polymer 8 and 10). 

 

 

Figure 4 directly shows the higher cell adhesion for polymers 9 

and 10 coatings. HUVECs spread out 2.4 times more on 

polymer 9 compared to polymer 7. Following a similar trend, the 

increase in cell adhesion was 1.4 times higher for polymer 10 

than to polymer 8. These results confirmed the tendency 

observed by florescence microscopy since pyridinophane-based 

coatings show a far higher number of HUVECs attached over 

paracyclophane-based coatings. We have thus demonstrated 

how altering even one CH fragment into an N of the monomer 

units of the polymer backbone can drastically change how cells 

behave on surface.  

 

Figure 4. Streaming potential of polymer film 7 (red) and 9 (black). Polymer 9 

has an IEP of 3.60, which is higher than that of polymer 7 (2.80). This 

difference is attributable to the partial positive charge created by the nitrogen 

atom in the polymer backbone. 

 

 

Streaming potential measurements were performed to compare 

the ζ-potential of the two non-functionalized polymer coatings 

(polymer 7 and 9). 

The results support the hypothesis that the presence of a 

heteroatom in the polymer backbone improves cell adhesion 

(Fehler! Verweisquelle konnte nicht gefunden werden.). The 

isoelectric point (IEP), i.e., the pH at which the ζ-potential values 
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reaches zero, is 3.60 and 2.80 for polymers 9 and 7, 

respectively. This indicates a slightly more positive charge 

character for the polymer 9 due to the presence of a nitrogen 

atom in the backbone. 

Finally, post-modification of pyridinophane-based coatings has 

conducted to verify the reactivity of 

poly(4-ethynyl-2,5-lutidinylene-co-p-xylylene). Specifcally, we 

employed the copper-catalyzed Huisgen 1,3-dipolar 

cycloaddition between 10 and different azide-containing 

biomolecules. In a first experiment, the spatially controlled 

immobilization of PEG-azide on polymer 10 coating was 

investigated via contact printing. Subsequent incubation of 

fluorescein-labelled bovine serum albumin (BSA-FITC) on the 

substrate revealed the presence of PEG molecules on parts of 

the surface. The selective adhesion of BSA to areas not covered 

with PEG underlines the selectivity of this click chemistry 

reaction (Figure 4C). In a second experiment, a micro-structured 

coating comprised of a background of polymer 9 and squares of 

polymer 10 was prepared by vapor-assisted micro-patterning in 

replica (VAMPIR) process, a two-step CVD process described 

elsewhere.[41] In the presence of copper(II) sulphate and sodium 

ascorbate, the micro-structured substrate reacted with azido-

functionalized biotin. The selectivity towards polymer 10 was 

then revealed through incubation has then been incubated with 

a fluorescence-labelled streptavidin in a subsequent step (Figure 

5A and B).  

 

 

Figure 1. A) Schematic representation of the protocol used for biotin 

immobilization on the functional coating; B) fluorescence images after 

streptavidin incubation and C) fluorescence images after azido-PEG micro-

contact printing on polymer 10 coating (PEG is located on square pattern in 

this case) and BSA-FITC incubation. 

 

 

Fluorescence images revealed the presence of streptavidin 

selectively on the squared patterns, which implies the presence 

of biotin linked to polymer 10. The reactivity of the substrate to 

click-chemistry reaction via Huisgen 1,3 dipolar cycloaddition 

creates numerous pathways for further functionalization of the 

coating with bioactive moieties such as peptides and growth 

factors. 

Conclusions 

In this work, we report the successful preparation of two novel 

nitrogen-containing and functionalized polymer coatings via CVD 

polymerization. A synthetic route to a para-alkynylated 

pyridinophane was initially established that resulted in the 

synthesis of the precursors with excellent yields. In addition, we 

have confirmed the stability and integrity of reactive alkyne 

groups during CVD polymerization, opening new perspectives 

for the design of new cell culture substrates. These new 

heterophane-based coatings are uniquely characterized by the 

presence of nitrogen atoms in the polymer backbone as well as 

alkyne side groups. The combination of these structural 

elements resulted in an increased cell spreading and adhesion 

along with facile access to conjugation of biomolecules. 

Experimental Section 

General Remarks: General information about the analytical 

equipment, the complete characterizations of all of the 

compounds including the 1H and 13C NMR spectra, ellipsometry 

results, IRRAS results, contact angle measurements, XPS 

spectra, and the crystallographic data can be found in the 

Supporting Information. 

 

 

Synthesis and characterization 

(rac)-N-

Methoxycarbonyl-4-((trimethylsilyl)ethynyl)[2](1,4)benzeno[2](2,5

)-4(2H)-pyridinophane 2 

Trimethylsilylacetylene (338 L, 235 mg, 2.39 mmol, 5.00 equiv.) 

and N,N-diisopropylethylamine (DIPEA, 413 L, 309 mg, 2.39 

mmol, 5.00 equiv.) were added to a suspension of CuI (91.0 mg, 

0.478 mmol, 1.00 equiv.) in dry CH2Cl2 (2 mL) cooled to 0 °C. 

After stirring for 30 min at 0 °C, the suspension was transferred 

by syringe to a cold (0 °C) solution of (rac)-

[2](1,4)benzeno[2](2,5)pyridinophane 1 (100 mg, 0.478 mmol, 

1.00 equiv.) in methyl chloroformate (185 L, 226 mg, 2.39 

mmol, 5.00 equiv.). The mixture was stirred at 0 °C for 15 h. The 

solvent and the volatile reagents were evaporated under 

reduced pressure and the crude product was purified via column 

chromatography (cHex/EtOAc 10:1) to yield the substituted 

dihydropyridinophane 2 (153 mg, 0.419 mmol, 88%) as a 

colorless oil. Rf = 0.36 (cHex/EtOAc 10:1); 1H-NMR (500 MHz, 

CDCl3, δ (ppm)): 0.06 (s, 9H, Si(CH3)3), 2.20 (m, 1H, HPyp), 

2.35 (m, 1H, HPyp), 2.442.48 (m, 1H, HPyp), 2.542.60 (m, 

1H, HPyp), 2.702.76 (m, 1H, HPyp), 2.95 (dd, 3J = 7.5 Hz, 
4J = 1.1 Hz, 1H, Py-H4), 3.043.07 (m, 1H, HPyp), 3.083.12 (m, 

1H, HPyp), 3.47 (s, 1H, HPyp), 3.78 (s, 3H, OCH3), 4.53 (d, 
3J = 7.5 Hz, 1 H, Py-H3), 5.58 (s, 1H, Py-H6), 6.81 (dd, 3J = 7.9 
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Hz, 4J = 1.7 Hz, 1H, Ar-H), 6.86 (dd, 3J = 7.9 Hz, 4J = 1.6 Hz, 1H, 

Ar-H), 6.93 (dd, 3J = 7.9 Hz, 4J = 1.3 Hz, 1H, Ar-H), 7.01 (dd, 
3J = 7.9 Hz, 4J = 1.3 Hz, 1H, Ar-H); 13C-NMR (125 MHz, CDCl3, 

δ (ppm)): 0.18 (+, SiCH3), 27.01 (, CH2), 32.00 (, CH2), 29.45 

(+, C-Py), 33.22 (, CH2), 33.52 (, CH2), 53.10 (+, OCH3), 82.79 

(Cq, C≡CTMS), 105.40 (Cq, C≡CTMS), 116.26 (Cq, C-Ar/Py), 

120.36 (+, C-Ar/Py), 129.46 (+,C-Ar/Py), 129.83 (+, C-Ar/Py), 

130.51 (+, C-Ar/Py), 130.98 (+, C-Ar/Py), 131.25 (+, C-Ar/Py), 

134.55 (Cq, C-Ar/Py), 138.04 (Cq, C-Ar/Py), 138.83 (Cq, C-Ar/Py), 

152.26 (Cq, CO); FT-IR (ATR, ν(cm–1)): 2926 (w), 2852 (w), 2164 

(w) [C≡C], 1712 (m) [C=O], 1681 (w), 1639 (w), 1503 (w), 1439 

(m), 1380 (w), 1344 (m), 1311 (m), 1289 (w), 1270 (w), 1247 (m), 

1175 (w), 1137 (w), 1087 (w), 1060 (w), 1013 (w), 997 (w), 952 

(w), 890 (w), 836 (m), 802 (w), 758 (m), 718 (w), 696 (w), 628 

(w), 581 (w), 535 (w), 515 (w), 450 (w), 405 (w); MS (70 eV, 

FAB), m/z (%): 365 (100) [M+], 262 (11), 261 (38), 138 (15), 137 

(25), 136 (34), 107 (10), 89 (12); HRMS calcd. for C22H27NO2Si: 

365.181; found 365.1814. 

 

(rac)-4-

((Trimethylsilyl)ethynyl)[2](1,4)benzeno[2](2,5)pyridinophane 3 

2,3-Dichloro-5,6-dicyano-p-benzoquinone (DDQ, 306 mg, 1.35 

mmol, 3.00 equiv.) was added to a solution of 2 (164 mg, 0.449 

mmol, 1.00 equiv.) in dry CH2Cl2 (8 mL) and the reaction mixture 

was stirred at reflux for 24 h. The reaction mixture was 

quenched with a 2 M aqueous solution of NaOH, the aqueous 

phase was extracted with CH2Cl2 (4 × 20 mL) and the combined 

organic phases were washed with brine (2 × 20 mL). After drying 

over MgSO4, the solvent was removed under reduced pressure 

and the crude product was purified via column chromatography 

(cHex/EtOAc 2:1) to yield the 4-TMS-ethynyl-pyridinophane 3 

(96.9 mg, 0.318 mmol, 71%) as a colorless solid. Rf = 0.21 

(cHex/EtOAc 2:1); m.p. 204 °C; 1H-NMR (400 MHz, CDCl3, δ 

(ppm)): 0.33 (s, 9H, Si(CH3)3), 2.742.82 (m, 1H, HPyp), 

3.043.21 (m, 5H, HPyp), 3.263.33 (m, 1H, HPyp), 3.423.48 (m, 

1H, HPyp), 6.40 (s, 1H, Py-H3), 6.44 (dd, 3J = 7.8 Hz, 4J = 1.9 Hz, 

1H, Ar-H), 6.59 (dd, 3J = 7.9 Hz, 4J = 1.9 Hz, 1H, Ar-H), 

6.826.84 (m, 2H, Ar-H), 7.70 (s, 1H, Py-H6); 13C-NMR (100 

MHz, CDCl3, δ (ppm)): 0.00 (+, SiCH3), 31.76 (, CH2), 34.00 (, 

CH2), 34.63 (, CH2), 36.82 (, CH2), 102.52 (Cq, 2 x C≡CTMS), 

126.90 (+, C-Ar/Py), 129.63 (+, C-Ar/Py), 131.81 (+, C-Ar/Py), 

132.04 (Cq, C-Ar/Py), 133.11 (+, C-Ar/Py), 133.43 (+, C-Ar/Py), 

134.71 (Cq, C-Ar/Py), 138.82 (Cq, C-Ar/Py), 139.89 (Cq, C-Ar/Py), 

153.26 (+, C-Py), 160.22 (Cq, C-Py); FT-IR (ATR, ν (cm–1)): 2956 

(w), 2926 (w), 2850 (w), 2153 (w) [C≡C], 1569 (m), 1520 (w), 

1501 (w), 1465 (w), 1432 (w), 1412 (w), 1376 (w), 1323 (w), 

1247 (m), 1158 (w), 1142 (w), 1119 (w), 1094 (w), 971 (w), 934 

(w), 877 (m), 837 (m), 797 (m), 757 (m), 744 (m), 721 (m), 697 

(m), 649 (m), 594 (m), 552 (w), 538 (m), 499 (m), 410 (w); MS 

(70 eV, EI), m/z (%): 305 (54) [M+], 201 (15), 186 (28), 133 (23), 

104 (50), 103 (13), 89 (60), 88 (12), 87 (21), 78 (11), 77 (19), 73 

(16), 59 (15), 45 (100), 44 (12), 43 (17); HRMS calcd. for 

C20H23NSi: 305.1600; found 305.1598. 

 

(rac)-4-(Ethynyl)[2](1,4)benzeno[2](2,5)pyridinophane 4 

Tetrabutylammonium fluoride (TBAF, 1 M solution in THF, 310 

µL, 280 mg, 0.310 mmol, 1.00 equiv.) was slowly added to a 

solution of 3 (94.6 mg, 0.310 mmol, 1.00 equiv.) in dry THF (2 

mL) and the reaction mixture was stirred at room temperature for 

24 h. The solvent was removed under reduced pressure and the 

crude product was dissolved in ethyl acetate. The organic phase 

was washed with water, dried over MgSO4 and the solvent 

removed under reduced pressure. The crude product was 

purified via column chromatography (cHex/EtOAc 2:1) to yield 4-

ethynylpyridinophane (4) (68.1 mg, 0.292 mmol, 94%) as a 

colorless solid. Rf = 0.23 (cHex/EtOAc 2:1); m.p. 204 °C; 1H-

NMR (400 MHz, CDCl3, δ (ppm)): 2.782.86 (m, 1H, HPyp), 

3.073.19 (m, 5H, HPyp), 3.283.34 (m, 1H, HPyp), 3.433.50 (m, 

1H, HPyp), 3.44 (s, 1H, CCH), 6.43 (dd, 3J = 7.8 Hz, 4J = 1.8 Hz, 

1H, Ar-H), 6.46 (s, 1H, Py-H3), 6.61 (dd, 3J = 7.8 Hz, 4J = 1.8 Hz, 

1H, Ar-H), 6.826.86 (m, 2H, Ar-H), 7.72 (s, 1H, Py-H6); 13C-

NMR (100 MHz, CDCl3, δ (ppm)): 31.54 (, CH2), 34.13 (, CH2), 

34.63 (, CH2), 36.83 (, CH2), 81.22 (Cq, C≡CH), 84.16 (+, C≡

CH), 127.38 (+, C-Ar/Py), 129.88 (+, C-Ar/Py), 131.10 (Cq, C-

Ar/Py), 131.83 (+, C-Ar/Py), 133.20 (+, C-Ar/Py), 133.47 (+, C-

Ar/Py), 134.83 (Cq, C-Ar/Py), 138.83 (Cq, C-Ar/Py), 139.91 (Cq, 

C-Ar/Py), 153.43 (+, C-Py), 160.36 (Cq, C-Py); FT-IR (ATR, ν 

(cm–1)): 3076 (w), 2959 (w), 2926 (w), 2852 (w), 2089 (w), 1902 

(w), 1576 (w), 1526 (w), 1501 (w), 1469 (w), 1448 (w), 1433 (w), 

1412 (w), 1376 (w), 1319 (w), 1294 (w), 1260 (w), 1204 (w), 

1185 (w), 1138 (w), 1114 (w), 967 (w), 920 (w), 888 (w), 865 (w), 

796 (w), 763 (w), 743 (w), 719 (w), 679 (w), 595 (w), 551 (w), 

537 (w), 495 (w), 483 (w), 447 (w); MS (70 eV, EI), m/z (%): 233 

(100) [M+], 232 (10), 104 (95), 103 (10), 58 (12), 43 (34); HRMS 

calcd. for C17H15N: 233.1204; found 233.1206. 

 

Fabrication of reactive coatings by Chemical Vapor 

Deposition Polymerization (CVD) 

[2.2]Paracyclophane 5 was used as received. 4-

Ethynyl[2.2]paracyclophane 6[42] and pyridinophane 1[27] were 

synthesized according to protocols described in literature. 

Ethynylpyridinophane 4 was synthesized as described above. 

Poly(p-xylylene) (polymer 7), poly(4-ethynyl-p-xylylene-co-p-

xylylene) (polymer 8), poly(2,5-lutidinylene-co-p-xylylene) 

(polymer 9), poly(4-ethynyl-2,5-lutidinylene-co-p-xylylene) 

(polymer 10) were synthesized via chemical vapor deposition 

polymerization of the respective above-mentioned precursors. 

Precursors were sublimated at a temperature above 100 °C 

under low pressure (< 0.2 mbar) before being transferred in a 

pyrolysis furnace, maintained at a temperature Tpyr, (polymer 7, 

8 and 9 at 660 °C, polymer 10 at 510 °C) in a stream of argon 

gas (20 sccm). Polymerization of the precursors spontaneously 

occurred by vapor deposition on the substrate, kept at 15 °C and 

rotating to get a uniform thickness of the polymer film in the 

deposition chamber. 

Micro-structured pyridinophane coatings were prepared via the 

previously reported VAMPIR technique[11] in order to fabricate 

micro-structured coatings containing square patterns of polymer 

9 and 10. For this purpose, a ground layer of polymer 9 was first 

homogeneously coated on the substrate, according to the above 

mentioned CVD polymerization conditions. Then, a patterned 

PDMS microstencil (squares of 300 µm x 300 µm), fabricated as 

previously described[11] was placed on the ground polymer and a 

second layer of polymer 10 was subsequently deposited onto 
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the surface not covered by the microstencil to generate the 

micropatterns. 

 

Surface characterisation of CVD coatings: Ellipsometry, 

IRRAS, Contact angle and XPS 

Thickness of the polymer coatings was measured using a multi-

wavelength rotating analyzer ellipsometer M-44 (J.A. Woollam, 

USA) at an incident angle of 75°. Data were analyzed using 

WVASE32 software and modelled as a Cauchy material. 

Thickness values correspond to the average thickness of 

triplicates. 

Infrared reflection absorption spectroscopy (IRRAS) spectra 

were recorded on a VERTEX 80V spectrometer (Bruker, 

Germany) at a grazing angle of 80°. Sessile drop (Millipore) 

water contact angles were measured with a custom-built contact 

angle goniometer equipped with a CCD video capture apparatus 

(EHD imaging, Germany) under ambient conditions with the tip 

not being in contact with the droplet. Measurements were made 

on both sides of the drop and were averaged. Each result is the 

average value of more than twenty measurements (performed 

on various samples coming from different CVD runs). XPS 

measurements were performed using a K-Alpha XPS 

spectrometer (ThermoFisher Scientific, East Grinstead, UK). 

Data acquisition and processing using the Thermo Avantage 

software is described elsewhere.[43] All polymer thin films were 

analyzed using a microfocused, monochromated Al Kα X-ray 

source (400 µm spot size). The kinetic energy of the electrons 

was measured by a 180° hemispherical energy analyser 

operated in the constant analyser energy mode (CAE) at 50 eV 

pass energy for elemental spectra. The spectra were fitted with 

one or more Voigt profiles (B.E. uncertainty: ±0.2 eV) and 

Scofield sensitivity factors were applied for quantification.[44] All 

spectra were referenced to the C1s peak at 285.0 eV binding 

energy (C–C, C–H) controlled by means of the well-known 

photoelectron peaks of metallic Cu, Ag, and Au, respectively.  

 

Streaming Potential Measurements 

In order to ascertain whether polymer 9 had a higher isoelectric 

point than polymer 7, ζ-potential measurements were collected 

at various values of pH. Measurements were conducted using 

the SurPASS electrokinetic analyser (Anton Paar GmBH, Graz, 

Austria) in the asymmetric mode with a polypropylene surface 

being used as the reference. Streaming current readings were 

captured at a pressure of 200 mbar and a flow rate of 6070 

mL/min was observed. A pH range of 3 to 6 was explored in 

increments of 0.3. Titration was performed using an automated 

unit from a starting value of 6 to a final value of 3 using 0.1 M 

hydrochloric acid as the titrant and 0.001 M potassium chloride 

solution as the electrolyte. The electrolyte solution was stirred 

continuously and also purged continuously with nitrogen to 

prevent carbon dioxide dissolution, which would cause 

undesirable changes in the pH value. Samples were rinsed for 3 

minutes before each measurement to equilibrate the surface 

against the electrolyte solution. After the streaming current was 

measured using Ag/AgCl electrodes, Helmholtz-Smoluchwski 

equation was used to obtain the ζ-potentials.  

 

Surface Immobilization and Visualization via Fluorescence 

Microscopy 

For biotin immobilization, micro-structured substrates were 

immersed in an aqueous solution of copper sulphate (1 mM), 

sodium ascorbate (3 mM) and Biotin-dPEG®7-azide (16 µM) for 

18 h at room temperature. Substrates were rinsed with DI-water 

and with buffer solution (0.02 % (v/v) Tween 20 and 0.1 % (w/v) 

bovine serum albumin (BSA) in phosphate buffered saline (PBS, 

pH 7.4)). Then, streptavidin incubation was performed by 

immersing the substrates in rhodamine-labelled streptavidin 

solution (10 µg x mL–1 in buffer solution) for 1 h at room 

temperature. Substrates were rinsed with buffer solution and 

distilled water and were soaked in distilled water for 1 h. 

Fluorescence micrographs were recorded using a Nikon Eclipse 

90i fluorescence microscope. For poly(ethylene glycol) (PEG) 

immobilization, patterned PDMS stamps (squares of 350 x 350 

µm) were fabricated as previously described[45] and were 

oxidized for 20 min using a UV-ozone cleaner (Jelight Co. Inc) 

before use. The stamps were inked with an aqueous solution of 

copper sulfate (0.1 mM), sodium ascorbate (100 mM) and azido-

mPEG5k (10 mg x mL–1). Then, they were kept in contact with 

homogeneously polymer 10-coated samples overnight and 

substrates were rinsed thoroughly with distilled water. 

Afterwards, substrates were immersed in a solution of 

fluorescein-conjugated BSA (BSA-FITC, 0.5 mg x ml–1 in PBS) 

for 3 h. Substrates were rinsed with PBS and distilled water. 

Fluorescence micrographs were recorded using a Nikon E800 

fluorescence microscope. 

 

Cell culture experiments: Endothelial cell adhesion, image 

and statistical analysis 

Primary human umbilical vein endothelial cells (HUVECs) were 

obtained as a kind gift from the Pinsky lab. Homogeneously 

coated silicon substrates were placed into a 24-well plate. After 

trypsonisation, 30.000 cells in Medium 199 (no serum) were 

added to each well, and the cells were allowed to incubate for 4 

h. After incubation, the surfaces were fixed with 4% 

formaldehyde in PBS, then stained with phalloidin and mounted 

with DAPI-containing ProLong Gold for imaging with an Olympus 

BX-51 fluorescence microscope. Samples were run in triplicate. 

The software package ImageJ (NIH) was used to analyse 

images. Normalised cell spreading was quantified by measuring 

the total cell area and dividing by the total number of cells 

(counted by DAPI spot). Magnitude of fluorescence 

quantification was performed by converting the images to a 32-

bit gray scale and then measuring the mean gray value. All error 

bars represent standard error (one standard deviation from the 

mean divided by the square root of the total number of images 

averaged). Statistical significance was determined using 

Students two-tailed T-test assuming unequal variance, with 

p<0.05 considered significant. 

 

Crystal Structure Determination of ethynylpyridinophane 4 

The single-crystal X-ray diffraction study was carried out on a 

Nonius KappaCCD diffractometer at 123(2) K using Mo-Kα 

radiation ( = 0.71073 Å. Direct Methods (SHELXS-97)[46] were 

used for structure solution and refinement was carried out using 
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SHELXL-98 (full-matrix least-squares on F2).[46] Hydrogen atoms 

were refined using a riding model. The absolute structure could 

not be determined reliably either by refinement of Flack’s x-

parameter  x = –7(8)[47] nor using Bayesian statistics on Bijvoet 

differences (Hooft’s y-parameter y = 0.6(14)).[48] There is a 

disorder of the ethynylpyridine vs. the benzene ring (approx. 2:1: 

(0.684(4) : 0.316(4)) about a mirror plane (for details see the cif-

file). 

ethynylpyridinophane: colourless crystals, C17H15N, Mr = 

233.30, crystal size 0.30 × 0.20 × 0.10 mm, monoclinic, space 

group C2 (No. 5), a = 15.3179(9) Å, b = 7.5135(5) Å, c = 

11.3255(6) Å, β = 95.508(5)°, V = 1297.45(13) Å3, Z = 4, ρ = 

1.194 Mg/m-3, µ(Mo-Kα) = 0.069 mm–1, F(000) = 496, 2max = 

50.0°, 6440 reflections, of which 2276 were independent (Rint = 

0.062), 156 parameters, 4 restraints R1 = 0.063 (for 1935 I > 

2σ(I)), wR2 = 0.162 (all data), S = 1.03, largest diff. peak / hole = 

0.255 / -0.211 e Å–3, x = –7(8), y = 0.6(14). 
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cell biomedical applications.  
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Polylutidines: Multifunctional surfaces via vapour-based 
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Experimental section 

 

General information: 

Solvents, reagents and chemicals were purchased from Acros, Merck, Celeres, Rockland, ABCR, Alfa Aesar or Sigma-

Aldrich. Dry tetrahydrofuran was distilled prior to use from sodium/potassium under argon using benzophenone as 

indicator. Dry dichloromethane was distilled from calcium hydride prior to use. All other solvents, reagents and chemicals 

were used as purchased, unless stated otherwise. All reactions involving moisture sensitive reactants were executed 

under argon atmosphere using oven dried or flame dried glassware. 

Routine monitoring of reactions were performed using silica gel coated aluminium plates (Merck, silica gel 60, F254), 

which were analysed under UV-light at 254 nm. Solvent mixtures are understood as volume/volume. Melting points 

(m.p.) were determined using a Stanford Research Systems Optimelt melting point apparatus and are uncorrected. All 

values are given as single points measured by the apparatus according to the starting point of melting or decomposition. 

1H NMR spectra were recorded on a Bruker AC 250 (250 MHz), a Bruker Avance AM 400 (400 MHz) or a Bruker Avance 

DRX 500 (500 MHz) spectrometer as solutions in CDCl3. For the classification of the signals following abbreviations 

were used:  

HPyp = hydrogen atoms of the ethylene bridge of the pyridinophane, Ar-H = aromatic hydrogen atoms of the 

benzene ring, Py-H4 = hydrogen atom of pyridine or the dihydropyridine at position 4 or respectively of the 

mentioned number, C-Ar/Py = aromatic carbon atoms of the benzene/pyridine ring. 

13C NMR spectra were recorded on a Bruker Avance AM 400 (100 MHz) or a Bruker Avance DRX 500 (125 

MHz) spectrometer as solutions in CDCl3. The signal structure was analysed by DEPT and is described as follows: + = 

primary or tertiary C-atom (positive signal) – = secondary C-atom (negative signal) and Cq = quaternary C-atom (no 

signal). EI-MS (electron impact mass spectrometry), FAB-MS (fast atom bombardment mass spectrometry) and HRMS 

(high resolution mass spectrometry) spectra were recorded with a Finnigan MAT 90 (70 eV) spectrometer. 

FT-IR spectra were recorded with a FT-IR Bruker IFS 88 or a Bruker Alpha T spectrometer. IR spectra were recorded 

using the DRIFT technique (diffused reflectance infrared Fourier transform-spectroscopy) or ATR Diamant (attenuated 

total reflection) for solids. IR spectra of oils were determined as KBr plates.  
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NMR spectra 

(rac)-N-Methoxycarbonyl-4-((trimethylsilyl)ethynyl)[2](1,4)benzeno[2](2,5)-4(2H)-

pyridinophane 2 
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(rac)-4-((Trimethylsilyl)ethynyl)[2](1,4)benzeno[2](2,5)pyridinophane 3 
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(rac)-4-(Ethynyl)[2](1,4)benzeno[2](2,5)pyridinophane 4 
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Ellipsometry results: 

Polymer Mass of precursor (mg) Thickness (nm) 

7 41 51 ± 13 

8 30 64 ± 4 

9 39 39 ± 1 

10 30 25 ± 3 

 

IRRAS results: 

Polymer 7 (ν (cm1)) = 3046, 3005, 2942, 2922, 2856, 1514, 1453, 1437, 1418, 1140, 824, 

805. 

Polymer 8 (ν (cm1)) = 3287 [≡C-H], 2944, 2927, 2859, 2102 [C≡C], 1492, 1454, 1438, 1411, 

1159, 1196, 1120, 893, 834. 

Polymer 9 (ν (cm1)) = 3033, 3004, 2941, 2923, 2856, 1600, 1567, 1488, 1452, 1437, 1420, 

1394, 1142, 1030, 836. 

Polymer 10 (ν (cm1)) = 3292 [≡C-H], 3043, 3011, 2952, 2929, 2858, 2099 [C≡C], 1594, 1576, 

1559, 1540, 1506, 1483, 1450, 1436, 1376, 912, 878, 804. 
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Contact angle measurements 

 

Figure 1. Contact angle measurements of the polymers 7 to 10 prepared by CVD. The 

contact angle decreases by the presence of a nitrogen atom in polymer back-bone.  
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XPS spectra 

 

Figure 2. C 1s and N 1s XP Spectra from the polymers 7 to 10 (from the bottom to the top) 

(left). The presence of nitrogen in the samples 9 and 10 can be clearly seen (right). All 

spectra are normalized to the maximum of intensity. 

Crystal Structure Determination of ethynylpyridinophane 4.  

The single-crystal X-ray diffraction study was carried out on a Nonius KappaCCD 

diffractometer at 123(2) K using Mo-Kα radiation ( = 0.71073 Å. Direct Methods (SHELXS-

97)1 were used for structure solution and refinement was carried out using SHELXL-98 (full-

matrix least-squares on F2).1 Hydrogen atoms were refined using a riding model. The 

absolute structure could not be determined reliably either by refinement of Flack’s x-

parameter  x = –7(8)2 nor using Bayesian statistics on Bijvoet differences (Hooft’s y-

parameter y = 0.6(14)).3 There is a disorder of the ethynylpyridine vs. the benzene ring 

(approx. 2:1: (0.684(4) : 0.316(4)) about a mirror plane (for details see the cif-file). 

396398400402

n
o

rm
a

li
ze

d
 i

n
te

n
si

ty
 [

a
.u

.]
 

Binding energy [eV] 

7 

8 

9 

10 

N 1s 

282284286288

n
o

rm
a

li
ze

d
 i

n
te

n
si

ty
 [

a
.u

.]
 

Binding energy [eV] 

C 1s C-C, C-H 

10 

9 

8 

7 

C-N, (C-O) 



This article is protected by copyright. All rights reserved 

SI_Polylutidines revised

ethynylpyridinophane: colourless crystals, C17H15N, Mr = 233.30, crystal size 0.30 × 

0.20 × 0.10 mm, monoclinic, space group C2 (No. 5), a = 15.3179(9) Å, b = 7.5135(5) Å, 

c = 11.3255(6) Å, β = 95.508(5)°, V = 1297.45(13) Å3, Z = 4, ρ = 1.194 Mg/m3, µ(Mo-Kα) = 

0.069 mm1, F(000) = 496, 2max = 50.0°, 6440 reflections, of which 2276 were 

independent (Rint = 0.062), 156 parameters, 4 restraints R1 = 0.063 (for 1935 I > 2σ(I)), 

wR2 = 0.162 (all data), S = 1.03, largest diff. peak / hole = 0.255 / -0.211 e Å3, x = –7(8), 

y = 0.6(14). 

 

 

Figure. 3. Molecular structure of 4 (displacement parameters are drawn at 50 % probability 
level). 

 

CCDC 1519800 (4) contain the supplementary crystallographic data for this paper. These 
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif 
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