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ABSTRACT 

 

Click thiol-ene chemistry is demonstrated for the reaction of thiol containing 

molecules with surface alkene bonds during electrical discharge activation.  This 

plasmachemical reaction mechanism is shown to be two-fold for allyl mercaptan (an 

alkene and thiol group containing precursor), comprising self-crosslinked nanolayer 

deposition in tandem with interfacial crosslinking to the surface alkene bonds of a 

polyisoprene base layer. A synergistic multilayer structure is attained which displays 

high wet electrical barrier performance during immersion in water.  
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1 INTRODUCTION 

The continual drive towards smaller portable electronics with greater functionality 

(e.g. smartphones and wearable devices) is leading to more stringent demands for 

device performance (e.g. operation during immersion in water or protection against 

accidental spillage).1 Hence, there exists a strong demand for high electrical barrier 

coatings which block water ingress in order to prevent device failure through 

corrosion, degradation, or electrical short circuiting.2  Polymeric layers are at the 

forefront of such protective coatings due to their high electrical insulation and low 

permeation properties.3,4 Examples include polystyrene,5 parylene,6 urethane 

modified polybutadiene,7 polymer composites,8  amorphous hydrocarbon films,9,10 

plasma deposited polysilicon coatings,11 and plasma polymers.12 Further 

enhancement of electrical barrier properties can be achieved through 

crosslinking,13,14 or multilayering. In the case of the latter, the layering of ultra-thin 

films helps to block pin-hole defects.15,16,17,18  Therefore, in principle, a combination of 

crosslinking and multilayering should lead to further improvement in electrical barrier 

performance.19 However, existing fabrication processes suffer from being long 

winded, involving multiple lengthy steps as well as requiring elevated temperatures.  

In this article, the attributes of combining interfacial crosslinking with 

multilayering is accomplished through the utilisation of plasmachemical thiol-ene 

click reactions leading to high wet electrical barrier performance.20 A structure-

behaviour relationship study has shown that an alkene-thiol precursor (allyl 

mercaptan) undergoes the formation of a thiol-ene self-crosslinked nanolayer in 

tandem with interfacial crosslinking to an alkene bond containing polymer base layer 

(polyisoprene), Scheme 1.  

 
 

Scheme 1: Interfacial thiol-ene crosslinked barrier formation between polyisoprene base 
layer and 1-propanethiol versus allyl mercaptan plasma polymers. The latter undergoes 
additional thiol-ene crosslinking between adjacent precursor molecule thiol and alkene 
groups.21,22   
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2 EXPERIMENTAL 

  
2.1 Micro-Circuit Board Fabrication 

 

Single sided copper clad micro-circuit boards were prepared using a photoresist 

board (manufacturer part code 141300, Kelan Circuits Ltd., comprising epoxy woven 

glass laminate base (National Electrical Manufacturers Association grade FR4 and 

British Standard BS4584) coated with a 35 µm copper foil and a photoresist top layer 

(Photoposit SP24, Dow Chemical Company)). A negative image mask (designed 

using Easy-PC 2000 (version 19) software, Number One Systems Ltd.) was printed 

onto 100 µm thickness transparent polymer sheets (product code 0224010460, 

Ryman UK Ltd.) using black ink (product number PGI-520BK, Canon Inc.) and an 

inkjet printer (model IP3600, Canon Inc.). This negative image mask was then 

placed on top of the photoresist board, and exposed to UV irradiation (368 nm, 15 

W, 2 min exposure, model LV204, Mega Electronics Inc.), Figure 1.  The UV 

degraded photoresist regions were dissolved off by immersion into a developer 

solution for 30 s (1.5% w/v NaOH and 1.5% w/v KOH in water, product code AZ303, 

GSPK Circuits Ltd.) revealing underlying copper, which was then etched away by 

dipping into 50% w/v ferric chloride solution for 5 min (ferric chloride pellets (product 

code 3205022, Mega Electronics Inc.) mixed with 40–50 °C tap water (Northumbrian 

Water), contained in a bubble etch tank, (model PA104, Mega Electronics Inc.)). 

Next, the photoresist board was rinsed under tap water to wash away any remaining 

ferric chloride solution. Finally, the unexposed protective photoresist regions were 

removed by gently rinsing the surface in acetone (+99.8 wt%, Fisher Scientific Ltd.), 

followed by soaking in propan-2-ol (+99.5 wt%, Fisher Scientific Ltd.) for 20 min.  
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Figure 1: Copper track micro-circuit board fabrication. 

 
The fabricated micro-circuit board layout consisted of two copper contact pads 

connected to respective copper tracks (separated by 0.8 mm) on top of the epoxy 

glass laminate substrate, Figure 2. A small strip of single-sided adhesive tape 

(product code 1443170, Henkel Ltd.) was applied to the contact pads prior to film 

deposition in order to mask them (i.e. keep them clean for subsequent electrical test 

connection). 

 

 
Figure 2: Test micro-circuit board copper tracks separated by a 0.8 mm gap. 
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2.2 Spin Coating Polymer Base Layer 

 
Following spin coating of polybutadiene, polyisoprene, and polystyrene base layers, 

the micro-circuit boards were left to dry in a vacuum oven at 60 °C for 60 min in 

order to remove any trapped solvent (see Supporting Information). Then the 

underside of each micro-circuit board was carefully cleaned using a cotton bud 

soaked in acetone, in order to remove any remaining traces of double-sided 

adhesive tape which had previously been used to hold the micro-circuit board in 

place during spin coating. Care was taken to ensure that no acetone came into 

contact with the coated topside. Prior to further testing, the coatings were visually 

inspected for the absence of defects. 

 

2.3 Plasmachemical Deposition 

 

Plasma treatments were carried out at room temperature in a cylindrical glass 

reactor (5 cm diameter, 470 cm3 volume) connected to a two stage rotary pump 

(model E2M2, Edwards Vacuum Ltd.) via a liquid nitrogen cold trap, (base pressure 

of 4 x 10-3 mbar and an air leak rate better than 1 x 10-9 mol s-1).23 An L-C matching 

unit was used to minimize the standing wave ratio (SWR) of the power transmitted 

from a 13.56 MHz radio frequency (RF) generator to a copper coil (4 mm diameter, 

10 turns, spanning 8 cm) externally wound around the glass chamber.24  A signal 

generator (model TG503, Thurlby Thandar Instruments Ltd.) was used to trigger the 

RF power supply for the case of pulsed plasma deposition. Prior to each plasma 

treatment, the chamber was scrubbed with detergent, rinsed with propan-2-ol (+99.5 

wt%, Fisher Scientific Ltd.), and further cleaned using a 50 W air plasma for at least 

30 min. The precursors used for plasma deposition were 1H,1H,2H,2H-perfluorooctyl 

acrylate (PFAC-6, +95 wt% purity, Fluorochem Ltd.), glycidyl methacrylate (GMA, 

+97 wt% purity, Sigma-Aldrich Co.), tetramethylsilane (TMS, +99.9 wt% purity, Alfa 

Aesar Co. Ltd.), 1-propanethiol (+99 wt% purity, Sigma-Aldrich Co.), and allyl 

mercaptan (2-propene-1-thiol, +80 wt% purity, Tokyo Chemical Industry Ltd.).  The 

precursors were degassed prior to use by 5 freeze-pump-thaw cycles.  Control 

plasma surface modification using hydrogen sulfide (+99.5% purity, Aldrich Chemical 

Co.) was also carried out.  For each case, polymer base layer coated micro-circuit 

boards were placed into the centre of the plasma reactor followed by evacuation to 
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system base pressure.  0.2 mbar of precursor vapour was then introduced into the 

chamber via a fine control needle valve (model LV10K, Edwards Vacuum Ltd.) at a 

flow rate of 1.7 x 10-7 mol s-1, and the reactor was purged for 5 min, followed by 

ignition of the electrical discharge. Film deposition / surface modification was allowed 

to proceed for a predetermined period, and then the power supply was switched off 

whilst maintaining precursor flow through the reactor for a further 5 min in order to 

quench any reactive surface sites before evacuation to base pressure. 

 
 

2.4 Film Thickness 

 

Film thickness measurements were carried out on coated silicon pieces (1 cm2, 5–20 

Ω cm-1 resistivity, Silicon Valley Microelectronics Inc.) using a spectrophotometer 

(model nkd-6000, Aquila Instruments Ltd.). The obtained transmittance-reflectance 

curves (350–1000 nm wavelength range and parallel (P) polarised light source at a 

30° incident angle) were fitted to a Cauchy model for dielectric materials,25 using a 

modified Levenberg-Marquardt method (version 2.2 software, Pro-Optix, Aquila 

Instruments Ltd.).26 The coated micro-circuit boards lacked sufficient reflectivity for 

thickness measurements using this technique, and therefore silicon wafer pieces 

were used instead by placing them alongside the micro-circuit boards during plasma 

deposition. 

 

2.5 Wet Electrical Barrier Measurement 

 

The immersion in water of coated micro-circuit boards whilst measuring electrical 

resistance is a realistic test for evaluating electrical barrier performance.27 Tap water 

(156 µS cm-1 conductivity, Northumbrian Water), representing a “real world” scenario 

for water damage to consumer electronics, was allowed to equilibrate to room 

temperature (20 °C) prior to usage. A multimeter (with a lower detection limit of 10 

nA, Keithley 2000, Tektronix UK Ltd.) was used to measure the current flow for each 

coated micro-circuit board connected to a variable voltage supply (Model PS-6010, 

Instek Ltd.), Figure 3. The voltage applied across the circuit was checked using a 

handheld multimeter (model 72-770, TENMA Ltd.). Standard wires and connectors 
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were employed (Flexiplast 2V, stranded wire, 0.75 mm2 cross sectional area, 129 

strands, 0.07 mm diameter, negligible internal resistance, Multi-Contact UK Ltd.).  

 

 

Figure 3: Circuit diagram for wet electrical barrier testing. See Supporting Information Figure 
S 1 for further details.  

 

Two small crocodile clips were carefully cleaned with acetone in order to 

remove any contaminants, and then fed through two holes in a support lid used to 

hold the micro-circuit board in place, Supporting Information Figure S 1. This was 

lowered into a 50 mL glass jar filled with 32.5 mL of equilibrated tap water.  

A fixed voltage was then applied across the 0.8 mm gap between the micro-

circuit board copper tracks whilst immersed in water (e.g. 8 V corresponds to an 

electric field of 10 V mm-1). Current measurements were taken every 30 s over a 13 

min period.28 At this stage, the final electrical resistance was calculated using Ohm’s 

law. This resistance value was then divided by the total coating thickness (plasma 

polymer and polymer base layer combined) in order to yield the electrical barrier 

performance (units Ω nm-1).  

 

 

2.6 X-Ray Photoelectron Spectroscopy 

 
X-ray photoelectron spectroscopy (XPS) analysis of the plasma deposited 1-

propanethiol and allyl mercaptan layers was carried out using a VG ESCALAB II 

electron spectrometer equipped with a non-monochromated Mg Kα X-ray source 

(1253.6 eV) and a concentric hemispherical analyser. Photoemitted electrons were 

collected at a take-off angle of 20° from the substrate normal, with electron detection 

in the constant analyser energy mode (CAE, pass energy = 20 eV and 50 eV for high 
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resolution and survey scans respectively).  Instrument sensitivity (multiplication) 

factors were experimentally determined to be C(1s):S(2p):O(1s) equals 

1.00:0.57:0.35 by using a polysulfone standard (0.005 in film, Westlake Plastics 

Company Inc.).29,30, All binding energies were referenced to the C(1s) hydrocarbon 

peak at 285.0 eV.29 A linear background was subtracted from each core level 

spectrum and then fitted using fixed full width half maximum (FWHM) Gaussian 

peaks.31  

 

2.7 Infrared Spectroscopy 

 
Fourier transform infrared (FTIR) analysis of the 1-propanethiol and allyl mercaptan 

precursors was performed using a FTIR spectrometer (Spectrum Two, PerkinElmer 

Inc.) fitted with a transmission cell and a deuterated triglycine sulfate (DTGS) 

detector.  Spectra were acquired across the 450–4000 cm-1 range and averaged 

over 16 scans at a resolution of 4 cm-1.  A droplet of precursor was dispensed 

between two KBr plates and spectra taken. Reflection-absorption infrared 

spectroscopy (RAIRS) analysis of plasma deposited layers onto silicon wafers 

(Silicon Valley Microelectronics, Inc.) was carried out using a liquid nitrogen cooled 

mercury cadmium telluride (MCT) detector (Spectrum One, PerkinElmer Inc.) and a 

variable angle accessory (Specac Ltd.) fitted with mirrors aligned at an angle of 66° 

to the sample normal.  The spectra were averaged over 285 scans at a resolution of 

4 cm-1. 

 

 

 

3 RESULTS AND DISCUSSION 

 
3.1 Plasma Deposited Top Layer 

 

Diffusion of aqueous ions through a barrier layer towards an underlying electronic 

circuit governs the overall level of device protection, and therefore electrical 

resistance measurements taken during water immersion are a strong indicator of a 

coating’s wet electrical barrier performance. 32,33   A structure-behaviour relationship 

study screened precursors containing a range of different functional groups for 
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plasma deposition onto a polybutadiene base layer: 1H,1H,2H,2H-perfluorooctyl 

acrylate, glycidyl methacrylate, tetramethylsilane, 1-propanethiol, and allyl 

mercaptan, Figure 4. A general trend was found showing an improvement in wet 

electrical barrier with increasing plasma polymer layer thickness; for instance in the 

case of both glycidyl methacrylate and tetramethylsilane precursors, an absence of 

current flow was reached for thicknesses exceeding 1.4 µm. The thinnest plasma 

deposited layers displaying high electrical barrier were obtained for allyl mercaptan 

precursor; whilst in contrast, structurally related 1-propanethiol (which contains no 

carbon-carbon double bond) was found to be poor at comparable thicknesses, 

Figure 4 and Figure 5. It is evident that the plasma deposited allyl mercaptan layer 

does not follow the general trend observed for the other precursors screened (the 

latter show increased layer thickness leads to a gradual improvement in wet 

electrical barrier).  H2S plasma modification of polybutadiene was employed as a 

control to verify that surface sulfonation alone is insufficient to attain good wet 

electrical barrier performance.  The high wet electrical barrier measured for allyl 

mercaptan plasma polymer coating exceeds the performance found for existing 

coatings, such as 1H,1H,2H,2H-perfluorooctyl acrylate plasma polymer, Figure 4.34 

 

 

 

Figure 4: Wet electrical barrier after 13 min immersion in water under an applied electric 
field of 10 V mm-1, for a range of plasma polymers deposited onto spin coated polybutadiene 
base layer (thickness 1872 ± 39 nm): 1H,1H,2H,2H-perfluorooctyl acrylate (PFAC-6, pulsed 
duty cycle ton = 20 µs, toff = 20 ms, and Pon = 40 W); glycidyl methacrylate (GMA, continuous 
wave 5 W); tetramethylsilane (TMS, continuous wave 3 W); 1-propanethiol (PT, continuous 
wave 2 W); and allyl mercaptan (AM, continuous wave 2 W) precursors. Polybutadiene base 
layer (PBD) and following H2S plasma exposure (PBD hydrogen sulfide, continuous wave 2 
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W) are included as controls. Samples marked within dashed boxes reached the instrument 
detection limit of 8 x 108 Ω.  Wet electrical barrier values measured at the beginning of water 
immersion (t = 0 min) are reported in Supporting Information Table S 1. 

 
 

 

Figure 5: Micro-circuit board photographs taken after wet electrical barrier testing (10 V mm-

1 electric field applied for 13 min): (a) allyl mercaptan plasma polymer on polyisoprene base 
layer; and (b) 1-propanethiol plasma polymer on polyisoprene base layer.  The plasma 
polymer thickness was 555 ± 23 nm, and the polyisoprene base layer thickness was 1353 ± 
40 nm. Similar results were obtained when a polybutadiene base layer was used instead of 
polyisoprene.    

 
No correlation was found between wet electrical barrier and static water 

contact angle values, Figure 4 and Supporting Information Table S 2.  The most 

hydrophobic plasma deposited coating (1H,1H,2H,2H-perfluorooctyl acrylate) 

showed a relatively poor wet electrical barrier performance, whilst the best 

performing coating (allyl mercaptan) had a comparatively low water contact angle.     

For both 1-propanethiol and allyl mercaptan plasma polymers, XPS analysis 

detected the presence of elemental carbon, sulfur, and a small amount of oxygen, 

Table 1 and Supporting Information Figure S 2.  The low level of oxygen can be 

attributed to some aerial surface oxidation during sample transfer from the plasma 

deposition chamber.35,36  The C(1s) spectra were consistent with hydrocarbon (285.0 

eV) and carbon-sulfur (286.9 eV) environments, Supporting Information Figure S 2.29 

No significant difference in the measured sulfur concentration was found between 

the 1-propanethiol and allyl mercaptan plasma polymer layers. The S(2p3/2) and 

S(2p1/2) component peak binding energies are consistent with C-S-C29,30 or C-S-H 

(thiol) environments,37,38,39 and do not correspond to oxidised sulfur (S(2p3/2) binding 

energy range 166–168 eV).29,37  
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Table 1: Elemental XPS compositions for 1-propanethiol and allyl mercaptan plasma 
polymer layers (continuous wave 2 W).  

Sample C(1s) S(2p) O(1s) 

 % 

Main 

Peak / 

eV 

% 

S(2p3/2) 

Peak / 

eV 

S(2p1/2) 

Peak / 

eV 

% 

Peak 

Maximum 

/ eV 

1-Propanethiol 

Theoretical 
75 - 25 - - 0 - 

1-Propanethiol 

Plasma 

Polymer  

65 ± 1 285.0 32 ± 2 164.0 165.2 3 ± 2 532.2 

Allyl Mercaptan 

Theoretical 
75 - 25 - - 0 - 

Allyl Mercaptan 

Plasma 

Polymer  

62 ± 1 285.0 35 ± 3 163.6 164.8 3 ± 2 531.7 

 
 

The infrared spectrum of allyl mercaptan precursor displays a strong allyl CH2 

stretch absorbance (3080 cm-1),40 which disappears upon plasma deposition, Figure 

6. As expected, this feature was absent for both 1-propanethiol monomer and its 

corresponding plasma polymer. Both 1-propanethiol and allyl mercaptan precursors 

show a weak S-H stretch (2555 cm-1),40,41 which is also observed for plasma 

deposited allyl mercaptan; however it was absent for plasma deposited 1-

propanethiol.     
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Figure 6: FTIR infrared spectra of: (a) liquid 1-propanethiol; (b) continuous wave 2 W 
plasma deposited 1-propanethiol; (c) liquid allyl mercaptan; and (d) continuous wave 2 W 
plasma deposited allyl mercaptan. Dashed lines indicate allyl CH2 (3080 cm-1) and thiol S-H 
(2555 cm-1) stretches respectively. 

 

Several orders of magnitude improvement in wet electrical barrier performance 

has been found following allyl mercaptan plasma polymer deposition onto a 

polybutadiene base layer (> 105 Ω nm-1), Figure 4. Furthermore, despite the similar 

chemical structures of allyl mercaptan and 1-propanethiol precursor molecules, their 

corresponding plasma deposited films display markedly different wet electrical 

barrier performances. This may be attributed to the allyl mercaptan carbon-carbon 

double bond playing a key role, Scheme 1. Two complementary sets of thiol-ene 

click chemistry crosslinking reactions are envisaged20,42,43: firstly there is the plasma 

deposited layer thiol groups reacting with carbon-carbon alkene bonds present within 

the underlying polymer base layer (e.g. polybutadiene); and secondly the allyl 

mercaptan thiol groups can crosslink and self-polymerise with adjacent monomer 

carbon-carbon double bonds during plasmachemical deposition, Scheme 1.21,44 In 

both cases, the prerequisite thiyl radicals required for thiol-ene click chemistry are 

generated in-situ by the electrical discharge excited species (photons, electrons, 

etc.) rather than conventional thermal or photochemical initiation.45,46 Such sulfur 
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crosslinking improves hardness, strength, and durability of bulk polymers.47,48,49 

Overall, this gives rise to an allyl mercaptan plasma deposited sulfur crosslinked top 

layer which is also sulfur crosslinked to the polybutadiene base layer, leading to a 

tightly bonded interfacial region for optimal wet electrical barrier performance 

(synergistic effect).  In contrast, thiol-ene click chemistry occurs for 1-propanethiol 

through its thiol group crosslinking to the polymer base layer alkene bonds, whilst the 

molecule lacks the polymerisable allyl mercaptan carbon-carbon double bond 

needed to form a highly crosslinked top layer, hence explaining its relatively poor wet 

electrical barrier performance, Figure 4 and Scheme 1.  Another contributing factor 

might be the much lower shrinkage stress for allyl sulfide versus propyl sulfide thiol-

ene crosslinking.50   

 

3.2 Polymer Base Layer 

 

The specific role of the polymer base layer was investigated next by measuring the 

wet electrical barrier performance of allyl mercaptan plasma layers deposited onto 

polybutadiene, polyisoprene, and polystyrene, Figure 7. All of these polymers 

contain unsaturated carbon-carbon bonds, however only the former two contain 

alkene bonds necessary for thiol-ene reactions with plasma generated reactive sulfur 

species (e.g. thiyl radicals).  Despite the polystyrene base layer exhibiting the 

highest wet electrical barrier in the absence of a plasma polymer overlayer, no 

significant improvement was observed following allyl mercaptan plasma polymer 

deposition. Whereas, in the case of polybutadiene, the electrical barrier showed a 

marked enhancement with increasing plasma polymer thickness.  Polyisoprene was 

found to be the best performing polymer base layer, with the wet electrical barrier 

rising sharply beyond 100 nm plasma polymer layer thicknesses to reach an 

absence of current flow above 300 nm.  The role of base layer thickness was further 

investigated for polyisoprene whilst maintaining a fixed layer thickness of plasma 

deposited allyl mercaptan, Figure 8. This indicated a significant improvement in wet 

electrical barrier beyond 500 nm polyisoprene thickness, to reach high electrical 

barrier performance at approximately 900 nm.   
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Figure 7: Wet electrical barrier after 13 min immersion in water under an applied electric 
field of 10 V mm-1, for variable thickness plasma deposited allyl mercaptan (continuous wave 
2 W) onto a range of fixed thickness spin coated polymer base layers: polybutadiene ( 
thickness 1872 ± 39 nm);  polyisoprene ( thickness 1681 ± 35 nm); and polystyrene ( 
thickness 2037 ± 195 nm). Samples above the dashed line reached the instrument detection 
limit of 8 x 108 Ω. 

 

 
Figure 8: Wet electrical barrier after 13 min immersion in water under an applied electric 
field of 10 V mm-1, for fixed thickness allyl mercaptan plasma polymer coatings (continuous 
wave 2 W, 613 ± 71 nm) deposited onto varying thickness polyisoprene base layers. 
Samples above the dashed line reached the instrument detection limit of 8 x 108 Ω.  

 

For the polymer base layers investigated, comparison of the obtained wet 

electrical barrier values with standard bulk polymer resistivity values shows that 

despite polystyrene possessing a high bulk resistivity value, (> 1 x 1016 Ω cm),51 its 

measured wet electrical barrier value is poor, as was also observed for polyisoprene 

and polybutadiene, Figure 7. This is most likely due to the relatively high water 

vapour transmission rates (the mass of water moving through a specified coating 

area, over a predetermined length of time, normalised to the coating thickness) of 
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polystyrene (1.60–3.37 g mm m-2 day-1),52 polybutadiene (17.7 g mm m-2 day-1),53 

and vulcanised (crosslinked) polyisoprene (2.4 g mm m-2 day-1).54 Therefore, 

conventional bulk electrical resistivity values measured in the absence of water 

cannot be taken as an indication of how well a polymer coating will perform as a wet 

electrical barrier.  

Polybutadiene55,56, and polyisoprene57,58 have both been reported to undergo 

conventional thiol-ene click chemistry. Given that thiol-ene click reactions are 

reported to proceed much faster with electron rich double bonds compared to 

electron deficient double bonds,20,21,59 then one possible explanation for the disparity 

in wet electrical barrier performance between allyl mercaptan plasma polymer coated 

polybutadiene versus polyisoprene could be that polyisoprene (which contains an 

electron donating methyl substituent adjacent to its carbon-carbon double bond),60 

should display a higher reactivity.61  The more gradual slope observed for 

polybutadiene compared to polyisoprene with increasing allyl mercaptan plasma 

polymer thickness suggests that there is a lower level of interfacial plasmachemical 

click thiol-ene crosslinking occurring, and therefore thicker films are necessary to 

achieve sufficient physical barrier for high wet electrical resistance, Figure 4 and 

Figure 7.  Whilst the comparatively poor performance for polystyrene can be 

attributed to there being a total absence of alkene groups required for thiol-ene click 

chemistry within the polymer repeat unit.62,63  

 

3.3 Wet Electrical Barrier Breakdown 

 

The wet electrical barrier performance of the optimised thickness allyl mercaptan 

plasma polymer and polyisoprene layers was then investigated in relation to the 

magnitude of the applied electric field strength. This showed that the multilayer 

barrier was stable and resilient up to an applied electric field of 20 V mm-1, beyond 

which there was some indication of deterioration, Figure 9. Even then, the drop in 

performance was not severe, with a final wet electrical barrier of 2 x 104 Ω nm-1 being 

measured at an applied field of 27.5 V mm-1.  Compared to modern smartphones, 

with cell voltages ranging from 3.70–3.85 V,64,65 the much higher voltages (up to 20 

V) utilised in the present study during wet electrical barrier measurements 

demonstrate a very good level of performance.  
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Figure 9: Wet electrical barrier after 13 min immersion in water as a function of applied 
electric field, for fixed thickness allyl mercaptan plasma polymer (continuous wave 2 W, 507 
± 14 nm) and polyisoprene base layer (1353 ± 40 nm). Samples above the dashed line 
reached the instrument detection limit. 

 
 
 
3.4 Scalability 

 
The described low temperature two step fabrication method for achieving high wet 

electrical barrier coatings is easily scalable and suitable for high throughput 

electronic device assembly lines. In the case of non-planar circuit boards (e.g. 

wearable devices) the polyisoprene base layer can be applied by either spray or dip 

coating prior to conformal plasma deposition of allyl mercaptan. Future scope for the 

utilisation of plasmachemical click thiol-ene chemistry could include mixing of allyl 

thiol or multiple thiol group molecules into alkene bond containing monomer feeds for 

plasma deposition leading to even greater levels of crosslinking (durability). Alkyne 

functionalised base layers and alkyne thiols are also potential candidates for 

plasmachemical thiol-ene click reactions.66,67 Other variants include pulsed, 

downstream, and atmospheric plasmas for generation of the prerequisite thiyl 

radicals.  Additional improvements in wet electrical barrier performance are 

envisaged by depositing a hydrophobic layer on top of the aforementioned multilayer 

structure in order to incorporate enhanced liquid repellency, Supporting Information 

Table S 2.68,69,70 
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4 CONCLUSIONS 

 
Thiol containing precursors have been found to undergo plasmachemical click thiol-

ene reactions with surface alkene bonds. Structure-behaviour relationships have 

shown that plasmachemical deposition of allyl mercaptan onto a polyisoprene base 

layer provides a very high level of wet electrical barrier performance. This stems 

from the allyl mercaptan thiol group undergoing two-fold click thiol-ene reactions with 

both carbon-carbon alkene bonds contained within adjacent precursor molecules 

and the underlying polymer base layer, to form an overall tightly bonded multilayer 

for wet electrical barrier. In contrast, structurally related 1-propanethiol precursor is 

significantly inferior due to its lack of any carbon-carbon alkene bonds required for 

click thiol-ene crosslinking within the plasma deposited layer.   
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1. EXPERIMENTAL 

 

Spin Coating of Polymer Base Layer 
 
A 5% w/v polybutadiene solution was prepared by dissolving 2.5 g polybutadiene 

(Mw ~200,000, Sigma-Aldrich Co.) in toluene (99.99 wt%, Fisher Scientific Ltd.) in a 

50 mL volumetric flask. The solution was agitated for 3 days (sample shaker Vibrax-

VXR Model No. VX 2, IKA-Werke GmbH) to ensure that the polybutadiene had 

completely dissolved. Each masked micro-circuit board was fixed onto a glass plate 

using double sided adhesive tape (product code 1445293, Henkel Ltd.), which in turn 

was attached to the chuck of a spincoater (model No PRS14E, Cammax Precima 

Ltd.). 6 drops (~480 µL) of the polybutadiene solution were spin coated onto the 

prepared micro-circuit boards at 3000 rpm and room temperature. 

A 10% w/v polyisoprene solution was prepared by dissolving 2 g polyisoprene 

(Mw ~40,000, Sigma-Aldrich Co.) in toluene to make up to 20 mL total volume. The 

solution was agitated for 2 days to ensure that the polyisoprene had completely 

dissolved. 6 drops (~480 µL) of the polyisoprene solution were spin coated onto the 

prepared micro-circuit boards at 3000 rpm and room temperature.  

A 10% w/v polystyrene solution was prepared by dissolving 1 g polystyrene 

(Mw ~280,000, Sigma-Aldrich Co.) in toluene in a 10 ml volumetric flask. The 

solution was agitated for 2 days on the sample shaker to ensure that the polystyrene 

was completely dissolved. 3 drops (~240 µL) of the polystyrene solution were spin 

coated onto the prepared micro-circuit boards at 2000 rpm and room temperature.  
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Figure S 1: Apparatus for wet electrical barrier measurement. 
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2. RESULTS  

 

 
 

Figure S 2: High resolution XPS spectra of continuous wave 2 W plasma deposited layers: 
(a) 1-propanethiol; and (b) allyl mercaptan. The sulfur spectra are fitted to S(2p3/2) and 
S(2p1/2) components (separation 1.18 eV, and 2:1 relative peak area ratio).1  
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Electrical Barrier Measurements 
 

Table S 1: Wet electrical barrier measurements under an applied electric field of 10 V mm-1, 
for a range of plasma polymers deposited onto a spin coated polybutadiene base layer 
(thickness 1872 ± 39 nm): 1H,1H,2H,2H-perfluorooctyl acrylate (pulsed duty cycle ton = 20 
µs, toff = 20 ms, and Pon = 40 W); glycidyl methacrylate (continuous wave 5 W); 
tetramethylsilane (continuous wave 3 W); and 1-propanethiol (continuous wave 2 W). 

 

Precursor 
Plasma Polymer 

Thickness / nm 

Log10 Electrical Barrier / Ω nm-1

t = 0 min t = 13 min 

1H,1H,2H,2H-Perfluorooctyl 

acrylate 

299 ± 45 2.69 ± 1.44 0.64 ± 0.16 

642 ± 71 4.54 ± 0.64 2.69 ± 0.37 

984 ± 76 † 3.62 ± 0.07 

Glycidyl methacrylate 

299 ± 12 2.74 ± 0.06 1.51 ± 0.26 

574 ± 2 4.69 ± 0.31 3.39 ± 0.54 

1338 ± 59 † 5.25 ± 0.21 

Tetramethylsilane 
780 ± 38 † 4.87 ± 0.85 

1171 ± 20 † 5.03 ± 0.55 

1-Propanethiol 
182 ± 11 2.72 ± 0.14 0.38 ± 0.31 

248 ± 33 2.89 ± 0.18 0.38 ± 0.21 

 
† Reached the instrument detection limit of 8 x 108 Ω. 
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Contact Angle Measurements 
 
Microliter sessile drop contact angle analysis was carried out with a video capture 

system (VCA2500XE, AST Products Inc.) using 1.0 μL droplets of ultra-high purity 

water (BS 3978 grade 1).  

 

Table S 2: Sessile water drop contact angle measurements of the plasma deposited 
precursors: 1H,1H,2H,2H-perfluorooctyl acrylate (pulsed duty cycle ton = 20 µs, toff = 20 ms, 
and Pon = 40 W); glycidyl methacrylate (continuous wave 5 W); tetramethylsilane (continuous 
wave 3 W); and 1-propanethiol (continuous wave 2 W). Polybutadiene and H2S plasma 
treated polybutadiene (continuous wave 2 W) were control samples. 

 
Coating Water Contact 

Angle / ° 

Polybutadiene 105 ± 1 

1H,1H,2H,2H-perfluorooctyl acrylate 129 ± 1 

Glycidyl methacrylate 72 ± 1 

Tetramethylsilane 104 ± 1 

1-Propanethiol 85 ± 1 

Allyl mercaptan 83 ± 2 

Polybutadiene / H2S 96 ± 1 
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