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(57) ABSTRACT 

Devices, and their method of production, having coatings 
deposited by pulsed plasrna polymerization of a rnacrocycle 
containing a heteroatorn, Wherein the heteroatorn is oxygen, 
nitrogen, sulfur, or a mixture thereof. The coatings on 
contact lens are preferably deposited by gas phase polyrner 
ization of a cyclic ether, such as croWn ether, Which coatings 
are non-fouling and Wettable, and the gas phase polyrner 
ization utilizes a pulsed discharge. 
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METHOD FOR DEPOSITING A COATING 
COMPRISING PULSED PLASMA 

POLYMERIZATION OF A MACROCYCLE 

[0001] This is a continuation-in-part application of prior 
US. patent application Ser. No. 09/115,860, ?led Jul. 15, 
1998, Which is a continuation-in-part application of prior 
US. patent application Ser. No. 08/632,935, ?led Apr. 16, 
1996, and Which claims the bene?t of US. Provisional 
Application Ser. No. 60/055,260, ?led Aug. 8, 1997, entitled 
“NON-FOULING WETTABLE COATED DEVICES,” 
each of Which is commonly assigned With the present 
invention and the entire content of each of Which is hereby 
incorporated by reference. 

[0002] The US Government has certain rights in the 
present invention pursuant to the National Institutes of 
Health under Grant R01 AR43186 and by the State of Texas 
through the Texas Higher Education Coordinating Board 
ATP Program under Grant 003657-137. 

BACKGROUND 

[0003] This invention relates to devices having coatings 
deposited thereon and their method of production. Speci? 
cally, this invention relates to devices, and their method of 
production, having coatings deposited by pulsed plasma 
polymeriZation of a macrocycle containing a heteroatom, 
Wherein the heteroatom is oxygen, nitrogen, sulfur, or a 
mixture thereof. More speci?cally, this invention relates to 
devices, and their method of production, having coatings 
deposited by gas phase polymerization of a cyclic ether, 
Which coatings are non-fouling and Wettable, and the gas 
phase polymeriZation utiliZes a pulsed discharge. 

[0004] Non-biologically fouling, Wettable thin ?lm sur 
face coatings are of interest for use in improving the 
biocompatibility of contact lenses. Coatings containing eth 
ylene oxide (—CH2—CH2—O)n (“EO”) units are quite 
effective in providing non-fouling, relatively hydrophilic 
surfaces. In particular, it has been recently demonstrated that 
under continuous-Wave conditions, volatile, loW molecular 
Weight molecules containing relatively feW EO units can be 
plasma polymeriZed onto surfaces to provide Wettable, non 
fouling thin ?lm coatings [G. P. LopeZ, B. D. Ratner, C. D. 
TidWell, C. L. Haycox, R. J. RapoZa, and T. A. Horbett, 
“GloW discharge plasma deposition of tetraethylene glycol 
dimethyl etherforfouling-resistantbiomaterial surfaces,”J. 
Biomed. Mater. Res., 26,415-439 (1992). D. Beyer, W. 
Knoll, H. Ringsdorf, J. -H. Wang, R. B. Timmons, and P. 
Sluka, “Reduced protein adsorption on plastics via direct 
plasma deposition oftriethylene glycol monoallyl ether,”J. 
Biomed Mater Res., 36, 181-189 (1997)]. US. patent appli 
cation Ser. No. 09/115,860 disclosed that monomers con 
taining as feW as tWo EO units per molecule, When plasma 
polymeriZed under loW poWer input conditions made avail 
able by the variable duty cycle pulsed plasma technique, 
yielded strongly adherent, Wettable, and non-fouling coat 
ings When deposited on the surfaces of contact lenses. The 
monomers employed involved only non-cyclic linear or 
branched ole?nic compounds. 

[0005] Cyclic ethers, more commonly referred to as croWn 
ethers, represent a separate class of EO molecules containing 
several oxygen atoms, usually in a regular pattern. Recent 
reports have shoWn that continuous-Wave plasma polymer 
iZation of these compounds can provide surface coatings 

Jan. 10, 2002 

Which exhibit a modest level of biomolecule rejection E. 
Johnston, B. D. Ratner, and J. D. Bryers, “RF plasma 
deposited PEO-like surfaces that inhibit Pseudomonas 
aeruginosa accumulation,”P0lym. Mater. Sci. and Engi. 
(Abstracts), 77, p. 577 (1997). E. E. Johnston and B. D. 
Ratner, “The effects of linear and cyclic precursors on the 
molecular structure of ether-rich plasma-deposited ?lms, 
”Mater. Res. Soc. (Abstracts), p. 464, December 1998 (Bos 
ton, Mass.); E. E. Johnston, B. D. Ratner and J. D. Bryers, 
NATO ASI Series E, Applied Science, Vol 346, pp.465-476, 
(1997)]. In this Work, reduced fouling Was demonstrated 
With measurements of PseudomonasAeruginosa adherence 
to plasma modi?ed surfaces versus uncoated glass surfaces. 
For example, an approximate 40% reduction in Ps. Aerugi 
nosa adherence Was observed on plasma polymeriZed 
12-croWn-4 (C8H16O4) surfaces relative to that observed 
With uncoated glass, as estimated from the graphic data 
provided E. Johnston, B. D. Ratner, and J. D. Bryers, 
“RF plasma deposited PEO-like surfaces that inhibit 
Pseudomonas aeruginosa accumulation,”P0lym. Mater Sci. 
and Engi. (Abstracts), 77, p. 577 (1997)]. Slightly higher 
reduction in adsorbed bacteria (i.e., a feW percent higher) 
Was reported on coatings obtained from the plasma poly 
meriZation of 15-croWn-5 (C10H2OO5). The level of protein 
adsorption Was observed to be independent of the poWer 
input provided during the plasma polymeriZation of this 
monomer. Additionally, the croWn ether compounds Were 
shoWn to be considerably less ef?cacious than coatings 
obtained from linear, saturated EO containing molecules 
(commonly referred to as glymes) of general formula 
CH3(OCH2CH2)nOCH3. For example, tetraglyme 
(C1OH22O5) Was shoWn to reduce Ps. Aeruginosa surface 
adsorption by a factor of at least ?ve times more than that 
observed With the comparable molecule Weight 15-croWn-5 
monomer. Furthermore, the tetraglyme coatings deposited at 
higher plasma poWer (20 W) Were shoWn to adsorb less 
bacteria than that obtained on coatings deposited at 5 W 
E. Johnston, B. D. Ratner, and J. D. Bryers, “RF plasma 
deposited PEO-like surfaces that inhibit Pseudomonas 
aeruginosa accumulation,”P0lym. Mater. Sci. and Engi. 
(Abstracts), 77, p. 577 (1997)]. Thus, in summary, the 
reported Work shoWed that: (1) The accumulation of bacteria 
onto the linear glyme ?lms Was much loWer than that on the 
croWn ether ?lms, indicating that cyclic ethers produce 
signi?cantly poorer non-fouling coatings than the linear 
glyme molecules When deposited as plasma polymer ?lms 
on substrates; and (2) the ef?cacy of the plasma ?lms in 
functioning as non-fouling coatings is either independent of 
the poWer employed during the plasma deposition (as shoWn 
for cyclic ethers) or they become less ef?cacious With 
decreasing poWer (as shoWn for the linear glyme). 

[0006] Additional notable aspects of the prior studies is 
that samples to be coated Were located upstream of the 
plasma discharge Zone, apparently in order to improve 
retention of the E0 content in the plasma ?lms E. 
Johnston, B. D. Ratner, and J. D. Bryers, “RF plasma 
deposited PEO-like surfaces that inhibit Pseudomonas 
aeruginosa accumulation,”P0lym. Mater. Sci. and Engi. 
(Abstracts), 77, p.577 (1997); E. E. Johnston, B. D. Ratner 
and J. D. Bryers, NATO ASI Series E, Applied Science, Vol 
346, pp. 465-476, (1997)]. Also, a relatively high (80 W) 
initial deposition Was employed to provide a sub-surface 
Which Was apparently required to enhance adhesion of the 
subsequent outermost layers deposited at loWer poWer inputs 
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[E. E Johnston, B. D. Ratner, and J. D. Bryers, “RF plasma 
deposited PEO-like surfaces that inhibit Pseudomonas 
aeruginosa accumulation,”P0lym. Mater Sci. and Engi. 
(Abstracts), 77, p.577 (1997); E. E. Johnston, B. D. Ratner 
and J. D. Bryers, NATO ASI Series E, Applied Science, Vol 
346, pp. 465-476, (1997)]. 

SUMMARY 

[0007] The present invention is directed to a device having 
a substrate and a coating composition, the coating compo 
sition being formed by polymeriZation of a gas consisting of 
at least one macrocycle Which contains, besides carbons and 
hydrogens, at least one hetero atom, Wherein the gas poly 
meriZation utiliZes a pulsed discharge and Wherein the 
hetero atom is oxygen, nitrogen or sulfur. The macrocycle 
can be a cyclic ether, such as an ethylene oxide, a dioxane, 
a croWn ether, or a mixture thereof. 

[0008] The present invention is also directed to a method 
for plasma depositing a coating to a solid substrate by 
subjecting a macrocycle to a gas phase polymeriZation 
utiliZing a pulsed discharge. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIGS. 1(a-e) shoW high resolution C(1s) ESCA 
spectra of 12-croWn-4 ?lms plasma polymeriZed at 25 W 
peak poWer. RF duty cycle (on/off times or on/off ratio in 
ms) employed during formation of each ?lm are: (a) 0.1/1; 
(b) 0.1/2; (c) 0.1/4; (d) 0.1/8; and (3) 0.1/12; 
[0010] FIG. 2 shoWs variation of C—O/C—C ratio in the 
pulsed plasma polymeriZed 12-croWn-4 ?lms as a function 
of the average poWer employed during coating process; 

[0011] FIG. 3 shoWs an FTIR transmission spectra of a 
series of 12-croWn-4 plasma polymeric ?lms and 
12-croWn-4 monomer (bottom). The spectra reading from 
top to bottom are arranged in order of increasing peak 
poWers employed during deposition at RF duty cycle of 
0.1/4 ms; 

[0012] FIGS. 4(a-c) shoW high resolution C(1s) XPS 
spectra of plasma polymeriZed 12-croWn-4 ?lms. RF duty 
cycle (on/off times or on/off ratio in ms) employed during 
formation of each ?lm is 0.1/4 ms. The peak poWers are: (a) 
100 W; (b) 50 W; (c) 25 W, respectively; 

[0013] FIG. 5 shoWs Water contact angle of pulsed plasma 
polymeriZed 12-croWn-4 ?lms as a function of RF peak 
poWer; 

[0014] FIG. 6 shoWs Water contact angle of pulsed plasma 
polymeriZed 12-croWn-4 ?lms as a function of the plasma 
off time under coating condition of plasma on time of 0.1 ms 
and RF peak poWer of 25 W; 

[0015] FIGS. 7(a-c) shoW high resolution C(1s) ESCA 
spectra of 12-croWn-4 ?lms plasma polymeriZed at 25 W 
peak poWer. RF duty cycle (on/off times or on/off ratio in 
ms) employed during formation of each ?lm are: (a) 10/400 
ms; (b) 1/40 ms; and (c) 0.1/4 ms; 

[0016] FIG. 8 shoWs the variation in Water contact angle 
of pulsed plasma polymeriZed 12-croWn-4 With changes in 
the plasma on to off pulsed Width employed during deposi 
tion; 
[0017] FIG. 9 shoWs a comparison of C(1s) XPS high 
resolution spectra of 12-croWn-4 plasma deposited ?lms 
obtained under coating condition 0.1/8 ms 25 W: (a) fresh 
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sample, (b) after soaking in PBS at 37° C. for 15 days; (c) 
after exposure to PBS ?oW for 120 hours; and (d) after 
exposure to PBS ?oW for 240 hours; 

[0018] FIGS. 10(a-b) shoW the variation in albumin 
absorption and retention of pulsed plasma polymeriZed 
12-croWn-4 as a function of: (a) RF peak poWer; and (b) 
plasma off time; and 

[0019] FIGS. 11(a-b) shoW the variation in ?brinogen 
absorption and retention of pulsed plasma polymeriZed 
12-croWn-4 as a function of: (a) RF peak poWer; and (b) 
plasma off time. 

DETAILED DESCRIPTION 

[0020] Broadly, the present invention pertains to a device 
having a substrate and a coating composition, the coating 
composition being formed by a gas phase polymeriZation of 
a gas consisting of at least one macrocycle Which contains 
at least one hetero atom, Wherein the gas polymeriZation 
utiliZes a pulsed discharge and Wherein the hetero atom is 
oxygen, nitrogen or sulfur. 

[0021] A macrocycle is a cyclic compound containing, 
besides carbon and hydrogen atoms, at least one hetero 
atom, such as, oxygen, nitrogen, sulfur, or a mixture thereof 
A macrocycle can be monocyclic, bicyclic or cycles of 
higher order. Bicyclics and cycles of higher order include 
cryptans and spherands. A preferred macrocycle of the 
present invention includes a cyclic ether, such as ethylene 
oxide, dioxane, and croWn ether. More preferably, the mac 
rocycle of the present invention includes croWn ether. 
CroWn ethers are monocyclic and are relatively large-ring 
compounds of carbons and hydrogens containing several 
oxygen atoms, usually in a regular patterns. Examples or 
croWn ethers include 12-croWn-4,15-croWn-5,18-croWn-6, 
dicyclyhexano-18-croWn-6,4‘-aminobenZyl-15-croWn-5,2 
(aminomethyl)-12-croWn-4,2-(aminomethyl)-15-croWn-5, 
2-(aminomethyl)-18-croWn-6,1-aZa-12-croWn-4,1-aZa-15 
croWn-5,1-aZa-18-croWn-6, benZo-12-croWn-4, benZo-15 
croWn-5, benZo-18-croWn-6, bis[(benZo-15-croWn-5)-15-yl 
methyl]pimelate, 4‘bromobenZo-18croWn-6, dibenZo-18 
croWn-6, dibenZo-24-croWn-8, dibenZo-30-croWn-10, ar,ar‘ 
di-tert-butyldibenZo-18-croWn-6, dicyclohexano-24-croWn 
8,4‘-formylbenZo-15-croWn-5,2-(hydroxytmethyl)-12 
croWn-4,2-(hydroxymethyl)-15-croWn-5,2 
(hydroxymethyl)-18-croWn 6,4‘nitrobenZo-15-croWn-5, and 
poly[(dibenZo-18-croWn-6)-co-formaldehyde]. 
[0022] The present invention also pertains to a method for 
plasma depositing a coating to a solid substrate by subject 
ing a macrocycle to a gas phase polymeriZation utiliZing a 
pulsed discharge. The solid substrate of the present inven 
tion can be contact lens or biomaterials, such as medical 
implants. 

[0023] In one embodiment, the present invention pertains 
to the plasma polymeriZation of a cyclic ether, such as a 
croWn ether, as a potential route for synthesis of Wettable, 
non-fouling coatings, With a particular focus on applying 
these ?lms to contact lenses. In contrast With the continuous 
Wave plasma operational mode employed in prior studies of 
croWn ethers E. Johnston, B. D. Ratner, and J. D. Bryers, 
“RF plasma deposited PEO-like surfaces that inhibit 
Pseudomonas aeruginosa accumulation,”P0lym. Mater Sci. 
and Engi. (Abstracts), 77, p. 577 (1997). E. E. Johnston and 
B. D. Ratner, “The effects of linear and cyclic precursors on 
the molecular structure of ether-rich plasma-deposited ?lms, 
”Mater. Res. Soc. (Abstracts), p. 464, December 1998 (Bos 
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ton, Mass.); E. E. Johnston, B. D. Ratner and J. D. Bryers, 
NATO ASI Series E, Applied Science, Vol 346, pp. 465-476, 
(1997)], pulsed plasma polymeriZations Were employed 
here. As an important example of the pulsed plasma 
approach, it Was noted that it Was possible to deposit 
Wettable, adherent, and non-fouling coatings from the mono 
mer 12-croWn-4 under a pulsed plasma duty cycle of 0.1 ms 
plasma on, 8 ms plasma off, and 25 W peak poWer. From the 
equation given beloW, this corresponds to an average poWer 
input of only 0.31 W. Thus pulsed plasma technique of this 
invention offers the substantial advantage of depositing 
plasma ?lms at average poWer inputs Which are signi?cantly 
beloW usable values under continuous-Wave conditions. By 
Way of comparison, it Was noted that using the same reactor 
and identical monomer ?oW rate and pressure as employed 
during the pulsed run, a minimum of 6 W poWer input Was 
required to obtain a sustained plasma discharge and ?lm 
formation. For reasons documented beloW, the ability to 
deposit high-quality plasma ?lms at ultra loW poWer inputs 
is of pivotal importance in obtaining more ef?cacious non 
fouling, highly Wettable coatings in ?lms obtained from the 
croWn ethers. 

[0024] Detailed studies Were carried out using the mono 
mers dioxane (nominally 6-croWn-2), 12-croWn-4, and 
15-croWn-5. Films obtained Were characteriZed by X-ray 
photoelectron spectroscopy (XPS) and Fourier transform 
infrared spectroscopy (FT-IR). Surface Wettabilities Were 
measured using a Rame-Hart goniometer and the static 
sessile drop Water contact angle method. The UV-visible 
transmission spectra of the plasma ?lms Were also recorded 
via deposition of the samples on quartZ plates. The adher 
ence and stability of the plasma ?lms Were measured using 
a variety of methods, including prolonged soaking, extended 
exposure to ?oW, and abrasive cleaning using common 
commercial cleansers. The non-fouling properties of the 
coatings Were examined via measurements of protein sur 
face adsorption using radio-labeled proteins. 

[0025] Studies Were carried out in Which the above-noted 
?lm properties Were examined as a function of the pulsed 
plasma duty cycles employed during ?lm formation. With 
all monomers examined, an enhanced retention of the E0 
content of the starting monomers Was observed in the 
plasma ?lms as the plasma poWer employed during ?lm 
formation Was decreased. The relationship betWeen ?lm EO 
content and average poWer input Was found to be highly 
non-linear in nature, With particularly dramatic (and advan 
tageous) compositional changes observed at the ultra loW 
poWer inputs available under pulsed, but not continuous 
Wave, deposition conditions. The structure composition and 
properties of the plasma ?lms Were found to vary in rela 
tively similar fashion for all three monomers studied. 

[0026] The plasma reactor and general operating condi 
tions Were similar to those previously described [V. Pan 
chalingam, X. Chen, C. R. Savage, and R. B. Timmons, 
“Molecular tailoring of surfaces via pulsed RF plasma 
depositions,”J. Appl. Polym. Sci. .' Appl. Polym. Symp, 54, 
123-141 (1994)]. and successfully employed in prior gen 
eration of Wettable, non-fouling coatings using ole?nic EO 
containing monomers [D. Beyer, W. Knoll, H. Ringsdorf, J. 
-H. Wang, R. B. Timmons, and P. Sluka, “Reduced protein 
adsorption on plastics via direct plasma deposition of tri 
ethylene glycol monoallyl ether,”J. Biomed. Mater Res., 36, 
181-189 (1997)]. 

[0027] In this method, coatings are deposited on solid 
substrates via plasma polymeriZation of selected monomers 
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under controlled conditions. The plasma is driven by RF 
radiation using coaxial external RF electrodes located 
around the exterior of a cylindrical reactor. Substrates to be 
coated are preferably located in the reactor betWeen the RF 
electrodes; hoWever, substrates can be located either before 
or after the electrodes. The reactor is evacuated to back 
ground pressure using a rotary vacuum pump. A ?ne meter 
ing valve is opened to permit vapor of the monomer (or 
monomer mixtures) to enter the reactor. The pressure and 
How rate of the monomer through the reactor is controlled by 
adjustments of the metering valve and a butter?y control 
valve (connected to a pressure controller) located doWn 
stream of the reactor. In general, the monomer reactor 
pressures employed range from approximately 50 to 200 
mili-torr, although values outside this range can also be 
utiliZed. It is preferred that the compounds have suf?ciently 
high vapor pressures so that the compounds do not have to 
be heated above room temperature (from about 20 to about 
25° C.) to vaporiZe the compounds. Although the electrodes 
are located exterior to the reactor, the process of the inven 
tion Works equally Well for electrodes located inside the 
reactor (i.e. a capacitively coupled system). 

[0028] The chemical composition of a ?lm obtained dur 
ing plasma deposition is a strong function of the plasma 
variables employed, particularly the RF poWer used to 
initiate the polymeriZation processes. It is preferred to 
operate the plasma process under pulsed conditions, com 
pared to continuous Wave (“CW”) operation, because it is 
possible to employ reasonably large peak poWers during the 
plasma on initiation step While maintaining a loW average 
poWer over the course of the coating process. Pulsing means 
that the poWer to produce the plasma is turned on and off. 
The average poWer under pulsing is de?ned as: 

plasma- on time 
Average Power = X Peak Power 

plasma- on time + plasma- off time 

[0029] For example, a plasma deposition carried out at a 
RF duty cycle of 10 msec on and 200 msec off and a peak 
poWer of 25 Watts corresponds to an average poWer of 1.2 
Watts. The Peak PoWer is preferably betWeen about 10 and 
about 300 Watts. 

[0030] The formal de?nition of duty cycle is de?ned as the 
ratio of the plasma on time (i.e. discharge time) to a sum of 
the plasma-on time and the plasma-off time (i.e. non 
discharge time), as represented beloW: 

plasma- on time 
Duty cycle : i 

plasma- on time + plasma- off time 

[0031] HoWever, for convenience, the plasma on to 
plasma off times are frequently cited herein as a simple ratio 
of on to off time, both times employing the same scale (i.e. 
milliseconds or microseconds). 

[0032] The Workable range of duty cycle is less than about 
1/5, the preferred range is betWeen about 1/10 and about 
1/1000, and the more preferred range is betWeen about 1/ 10 
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and about 1/100. The plasma-on time should be larger than 
about 1 psec, preferably in the range of betWeen about 10 
psec and about 100 msec, and more preferably in the range 
of betWeen about 100 psec and about 10 msec. The plasma 
off time, ie the non-discharge time, should be larger than 
about 4 ysec, preferably in the range of betWeen about 100 
psec and 2000 msec, and more preferably in the range of 
betWeen about 200 ysec and about 100 msec. The total 
deposition time varies depending on the monomer and the 
conditions used. Typically, the deposition time can vary 
from about 0.5 min to about 3 hours. 

[0033] Pulsed plasma deposition permits use of relatively 
high peak poWers While simultaneously maintaining rela 
tively loW average poWers Which provides for the retention 
of monomer functional groups. Coating compositions 
deposited under loW average poWer pulsed conditions tend 
to be more adhesive to a given substrate When compared to 
?lms deposited at the same average poWer but under CW 
operation. For a given average poWer, the momentary high 
peak poWer available under pulsed conditions apparently 
assists in obtaining a stronger grafting of the ?lm to the 
substrate than that obtained under the same average poWer 
CW conditions. 

[0034] For a given RF peak poWer, an increased retention 
of the ether content (C—O functionality) of the plasma 
generated coating is observed as the plasma duty cycle is 
reduced When Working With a given monomer. Alternatively, 
the chemistry of the coating composition can be varied 
under pulsed conditions by Working at a single plasma duty 
cycle but varying peak poWers. There is an increased incor 
poration of C—O functionality in coating compositions as 
the peak poWer is decreased. Surprisingly, the plasma gen 
erated ?lm composition can be varied by changing the 
plasma on to plasma off pulse Widths, at a ?xed ratio of 
plasma on to plasma off times and at a ?xed RF peak poWer. 
Although the ?lm deposition mode described is one of RF 
plasma polymeriZation, those familiar in the art Will recog 
niZe that other polymeriZation methods (e.g., microWave 
plasmas, photo-polymerization, ioniZing radiation, electrical 
discharges, etc.) could also be adapted for this purpose. 

[0035] The chemical composition of the ?lms of this 
invention can be varied during pulsed plasma deposition, by 
varying the peak poWer and/or the duration of the plasma on 
and plasma off pulse Widths. This excellent ?lm chemistry 
controllability is achieved Without recourse to modulating 
the temperature of the substrate during the actual coating 
process. To produce a coating composition With the pre 
ferred ratio of C—O functionality to C—C functionality, it 
is preferred that the average poWer of the pulsed plasma 
deposition is less than about 100 Watts, more preferably less 
than about 40 Watts, most preferably less than about 5 Watts. 
The highest ratios of C—O functionality to C—C function 
ality can be obtained When the average poWer is 1 Watt and 
less Which provides the most non-fouling and Wettable 
coating compositions. The average pulsed poWers used in 
this invention are less than the Wattage under CW conditions 
in a similar reactor con?guration. 

[0036] HoWever, as those skilled in the art Will recogniZe, 
the actual effect of peak poWer input on ?lm composition is 
dependent on the reactor volume (i.e. poWer density). In the 
present invention, the reactor volume is approximately 2 
liters. Obviously, if a smaller reactor Were employed, the 
same ?lm composition changes reported herein Would be 
achieved at loWer peak poWer inputs. Other reaction vari 
ables Which Would in?uence peak poWer inputs are reactor 
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pressure and monomer(s) ?oW rates. If larger reactor vol 
umes Were employed, the same ?lm compositional varia 
tions could be achieved using higher poWer input. 

[0037] The use of loWer average poWer conditions 
increases the presence of functional groups, eg ether units, 
in the coatings, but the less energetic deposition conditions 
at loWer average poWer may result in poorer adhesion of the 
polymer ?lm to the underlying substrate. Thus, the plasma 
coating process involves someWhat of a compromise 
betWeen retention of monomer integrity in the plasma gen 
erated ?lm and the strength of the adhesion betWeen the 
coating and the solid substrate. In the case of biomedical 
devices and contact lenses, the adhesion and overall stability 
of the coating composition to the lens substrate is an 
extremely important consideration. 

[0038] One method of applying the coating compositions 
to the substrate of the present invention is by pulsed plasma 
coupled With gradient layering. The duty cycle can be 
varied, thus creating variable duty cycle. The method can be 
used to maximiZe the adhesion of the coating composition 
and the functionalities present in the coating composition. 
Films deposited under loW average poWer pulsed conditions 
tend to be more adhesive to a given substrate When com 
pared to ?lms deposited at the same average poWer but under 
CW operation. For a given average poWer, the momentary 
high peak poWer available under pulsed conditions assists in 
obtaining a stronger grafting of the ?lm to the substrate than 
that obtained under the same average poWer CW condition. 
This stronger grafting under pulsed conditions is repeated 
With each plasma on cycle. The better grafting of the ?lm to 
the substrate obtained under pulsed conditions can be even 
further enhanced by combining the pulsed deposition With a 
gradient layering technique. In this process, an initial high 
poWer, high plasma duty cycle is employed to graft the 
plasma generated coating composition tightly to the under 
lying substrate. The plasma duty cycle is subsequently 
progressively decreased in a systematic manner, With each 
decrease resulting in an increased retention of the C—O 
functionality in the coating. In this Way, the successive 
plasma deposited ?lms are tightly bonded to each other. The 
process is terminated When the exterior ?lm layer has 
reached the desired composition. The succession of thin 
layers, each differing slightly in composition in a progres 
sive fashion from the preceding one, results in a signi?cantly 
more adhesive composite coating composition bonded to the 
substrate than coatings deposited Without adjusting the 
deposition conditions under a relatively loWer plasma duty 
cycle. 

[0039] Gas-phase deposition, particularly plasma deposi 
tions, provide coating compositions of substantially uniform 
thickness. The thicknesses of the coating composition could 
be betWeen 5 A and 5 pm, more preferably between 50 A 
and 1 pm, and most preferably betWeen 100 A and 0.1 pm. 
Using the RF pulsed plasma deposition provides linearity of 
the thickness of the coating composition With deposition 
time for a given plasma duty cycle and ?xed monomer 
pressure and How rate. 

[0040] Samples to be coated (e.g., contact lenses) Were 
located in the center of a 12-inch long, 4-inch diameter 
cylindrical glass reactor (i.e., substrates Were placed directly 
in the plasma excitation Zone). Despite the very loW average 
poWer inputs involved under the pulsed plasma conditions, 
apparently the periodic relatively high peak poWers 
employed during plasma on periods provide ef?cient graft 
ing of the ?lms to the substrate. The approach employed here 
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can be contrasted With that involved With continuous-Wave 
plasma polymeriZations of crown ethers in Which substrates 
Were located upstream of the plasma electrodes (i.e., the 
active plasma Zone) E. Johnston, B. D. Ratner, and J. D. 
Bryers, “RF plasma deposited PEO-like surfaces that inhibit 
Pseudomonas aeruginosa accumulation,”P0lym. Mater Sci. 
and Engi. (Abstracts), 77, p. 577 (1997); E. E. Johnston, B. 
D. Ratner and J. D. Bryers, NATO ASI Series E, Applied 
Science, Vol 346, pp.465-476, (1997)]. Furthermore, the 
present pulsed plasma approach obviates the need for a 
tWo-step process in Which an initial high-poWer plasma 
discharge is employed to provide initial grafting of the ?lm 
to the substrate E. Johnston, B. D. Ratner, and J. D. 
Bryers, “RF plasma deposited PEO-like surfaces that inhibit 
Pseudomonas aeruginosa accumulation,”P0lym. Mater Sci. 
and Engi. (Abstracts), 77, p.577 (1997)]. The pulsed plasma 
polymeriZation approach employed in this invention pro 
vides the necessary ?lm adhesion to the substrates achiev 
able via a simple one-step pulsed process. 

[0041] A key aspect of the pulsed plasma polymeriZation 
approach is the fact that by permitting ?lm formation to 
occur at ultra loW average poWer inputs, it is possible to 
retain monomer functional groups in the plasma ?lms to a 
much higher degree than that obtained under higher poWer 
continuous-Wave conditions. This is of particular impor 
tance in the present case in that it is important to optimiZe 
the E0 content of the ?lms to provide maximum Wettability 
and non-fouling properties to the plasma modi?ed surfaces 
consistent With good adhesion of these ?lms. The pivotal 
role of the average poWer input during plasma polymeriZa 
tion in dictating ?lm compositions is illustrated clearly in 
FIGS. 1 and 2. FIG. 1 shoWs the high resolution C(1s) XPS 
spectra of ?lms obtained from pulsed plasma polymeriZation 
of 12-croWn-4 monomer at a series of plasma duty cycles. In 
this series, plasma on times Were maintained at 0.1 ms and 
plasma off times varied from 1 ms to 12 ms, as shoWn. As 
shoWn in FIG. 1, the detailed curve-?tting analysis of the 
C(1s) XPS spectra reveal clearly a dramatic increase in the 
ether linkage content of the ?lms (i.e., C—O peaks), relative 
to those observed for the C—C and C=O peaks, as the 
plasma off time Was increased through the sequence 1, 2, and 
4 ms. Further increases in plasma off times to 8 and 12 ms 
resulted in relatively little further changes in ?lm composi 
tions. Overall, the ether linkage retention in the ?lms Was 
observed to increase in a highly non-linear fashion With 
average poWer input as shoWn in FIG. 2. In this ?gure, the 
ratios of the integrated areas of C—O/C—C peaks obtained 
from the C(1s) XPS spectra are shoWn as a function of the 
average poWer input during ?lm formation. The data repre 
sent runs carried out at a range of peak poWers and plasma 
duty cycles. Of particular importance is the dramatic 
increase in the C—O ?lm content (i.e., ether linkages) Which 
become apparent at average poWer inputs of less than 2 W 
in a plasma reactor of approximately 2 L volume. The 
signi?cance of this fact is that We Were unable to maintain 
?lm deposition in this same plasma reactor With 12-croWn-4 
monomer at continuous-Wave poWer inputs of less than 6 W, 
under identical How and pressure conditions employed in the 
pulsed runs. Clearly, the pulsed plasma technique, by per 
mitting extension of the plasma polymeriZation process to 
ultra average loW poWer inputs, permits maximiZation of the 
E0 content of the plasma deposited ?lms. As documented in 
the examples Which folloW, the enhanced EO retention is 
important in terms of the resultant physical properties of 
these ?lms, particularly those properties relating to Wetta 
bility and biological non-fouling. Surprisingly, and in con 
trast With the CW results, it Was observed that When the 
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cyclic ethers Were deposited under loW duty cycle pulsed 
plasms, the non-fouling coatings Were of equal ef?cacy as 
those of the linear monomers. 

[0042] The folloWing examples are provided to further 
illustrate this invention and the manner in Which it may be 
carried out. It Will be understood, hoWever, that the speci?c 
details given in the examples have been chosen for purposes 
of illustration only and not be construed as limiting the 
invention. 

EXAMPLE 1 

[0043] 12-CroWn-4 monomer Was plasma polymeriZed at 
a pulsed plasma duty cycle of 0.1 ms on and 4 ms off at peak 
poWer inputs of 25, 50, and 100 W. Substantial variations in 
?lm compositions Were observed over this range of poWer 
inputs, as shoWn in FT-IR and C(1s) XPS spectra of these 
polymers (FIGS. 3 and 4, respectively). The FT-IR spectra 
shoW signi?cant reductions in formation of —OH (3500 
cm_1) and C=O groups (~1700 cm_1) With decreasing 
average poWer inputs during plasma operation. Neither of 
these groups is present in the starting monomer and their 
(undesired) formation occurs during plasma on periods. 
Thus, reducing peak poWer during plasma ?lm formation 
sharply reduces the presence of these groups. Also, the 
FT-IR spectra reveal optimiZation of the C—O band at 1120 
cm'1 at loW poWer input relative to other absorption bands 
(e.g., C-H, C=O, and —OH). XPS analyses of these ?lms 
(FIG. 4) con?rm the ?lm composition changes noted in the 
FT-IR spectra in that a marked increase in C—O/C—C peak 
areas is observed With decreasing average poWer inputs. 

EXAMPLE 2 

[0044] Advancing and receding Water contact angles Were 
measured for the same ?lms described in Example 1. A 
substantial increased Wettability of the ?lms Was observed 
for the run carried out at loWest poWer input (i.e., peak 
poWer 25 W) relative to the 50 and 100 W runs, as shoWn 
in FIG. 5. 

EXAMPLE 3 

[0045] Plasma polymers Were synthesiZed from 
12-croWn-4 monomer at a constant peak poWer input of 25 
W and pulsed plasma duty cycles (on/off times, in ms) of 
0.1/1, 0.1/2, 0.1/4 and 0.1/8. Advancing and receding Water 
contact angles Were measured for ?lms obtained in each of 
these separate runs. The results obtained are shoWn in FIG. 
6. The Wettabilities of the plasma generated ?lms Were 
observed to increase With decreasing pulsed plasma duty 
cycle employed during ?lm formation, as evidenced by the 
decreasing Water contact angles With decreasing duty cycle 
employed (FIG. 6). 

EXAMPLE 4 

[0046] A series of pulsed plasma polymeriZed ?lms Were 
deposited from 12-croWn-4 monomer at a constant duty 
cycle ratio of 1/40 (relative on to off times) and 25 W peak 
poWer input but With varying plasma pulse Widths. The 
plasma on to plasma off times employed Were 0.1/4, 1/40, 
and 10/400 ms. Relatively small ?lm compositional changes 
and surface Wettabilities Were observed, as shoWn in FIGS. 
7 and 8 by C(1s) XPS spectra and Water contact angle 
measurements, respectively. The small compositional 
changes noted in these three runs, all carried out at an 
average poWer input of 0.61 W, reveal a slightly enhanced 
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?lm EO content With decreasing plasma on and off pulse 
Widths at constant overall duty cycles. 

EXAMPLE 5 

[0047] The stability and adhesion of the pulsed plasma 
synthesized ?lms from 12-croWn-4 monomer, obtained over 
a range of average poWer inputs, Were measured With respect 
to extended soaking in buffer at 37° C. and With respect to 
extended exposure to buffered ?oW solution. The plasma 
?lms Were deposited on a variety of polymeric substrates, 
including PET disks and contact lenses. The surface com 
positions Were determined by XPS and Water contact angle 
measurements before and after the soaking and How expo 
sure experiments. Remarkably little changes Were observed 
in ?lm compositions after soaking and How exposure, even 
in the case of ?lms deposited at average poWer inputs as loW 
as 0.31 W. For example, FIG. 9 shoWs the C(l s) XPS 
spectra of a plasma ?lm deposited at a duty cycle of 0.1/8 ms 
on/off ratio and 25 W peak poWer as (a) freshly deposited 
?lm, (b) after soaking in PBS solution at 37° C. for 15 days, 
(c) after exposure to PBS ?oW for 120 hours, and (d) after 
exposure to PBS ?oW for 240 hours. Similarly, only rela 
tively small changes in Water contact angles Were observed 
after those soaking and How exposure tests. For example, an 
advancing Water contact angle of 350 Was obtained for ?lms 
deposited at 0.1/8 ms, 25 W, after 240 hours of continuous 
exposure to PBS ?oW at 25° C. and a buffer ?oW rate of 30 
ml/min. 

EXAMPLE 6 

[0048] Protein absorptions Were measured on a series of 
pulsed plasma polymeriZed ?lms obtained from 12-croWn-4 
monomer at various plasma duty cycles. Protein adsorption 
measurements Were carried out using 125I-radio-labeled 
albumin and ?brinogen proteins. Both initial protein adsorp 
tion and retention (i.e., protein resistant to removal by 
surfactant SDS Wash) values Were measured on ?lms depos 
ited on PET substrates. Uncoated PET substrates Were 
employed as controls. Dramatic decreases in protein absorp 
tions Were observed on the pulsed plasma polymeriZed 
12-croWn-4 ?lms versus that observed on the uncoated PET 
controls. Furthermore, progressively decreased protein 
adsorption Was observed on the ?lms as a function of the 
loWered plasma duty cycle (i.e., average poWer input) 
employed during ?lm formation. The correlation betWeen 
decreased protein adsorption and decreased poWer input 
during ?lm formation is shoWn in FIGS. 10 and 11 for 
albumin and ?brinogen, respectively. The decreases in pro 
tein adsorption are very substantial on these croWn ether 
?lms, ranging to reduction factors as high as 10 in the case 
of the loWest duty cycle deposited ?lms (FIG. 11). Both the 
magnitude of the protein adsorption decreases and the strong 
dependence of protein adsorption on the average poWer 
input during plasma polymeriZation differ signi?cantly for 
the pulsed plasma polymeriZed ?lms of this investigation 
relative to that reported under continuous-Wave conditions 
[E. E. Johnston, B. D. Ratner, and J. D. Bryers, “RF plasma 
deposited PEO-like surfaces that inhibit Pseudomonas 
aeruginosa accumulation,”P0lym. Mater Sci. and Engi. 
(Abstracts); E. E. Johnston, B. D. Ratner and J. D. Bryers, 
NATO ASI Series E, Applied Science, Vol 346, pp. 465-476, 
(1997)]. 

EXAMPLE 7 

[0049] Films pulsed plasma polymeriZed from croWn 
ethers Were shoWn to exhibit essentially no absorption of 
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visible light. For example, the UV-visible absorption spec 
trum of a 200 nm thick ?lm obtained from pulsed plasma 
polymeriZation of 12-croWn-4 monomer at a duty cycle of 
0.1/4 ms and 25 W peak poWer shoWed no noticeable ?lm 
absorption over the Wavelength range of 360 to 900 nm. 
Transparency of these ?lms in the visible region of the 
electromagnetic spectrum is an important property of the 
?lms, particularly in applications such as coatings for con 
tact lenses. 

EXAMPLE 8 

[0050] Plasma ?lms deposited from the monomer dioxane 
Were shoWn to contain EO units, With the density of EO units 
increasing as the plasma duty cycles employed during 
deposition Were reduced. HoWever, the C—O/C—C ratios 
obtained from C(ls) XPS analyses of these ?lms remained 
substantially less than those obtained from polymeriZation 
of 12-croWn-4 monomer under similar poWer, duty cycle, 
and How conditions. 

EXAMPLE 9 

[0051] Plasma ?lms obtained from 15-croWn-5 monomer 
Were shoWn to contain EO ?lm densities at least as high as 
those obtained from 12-croWn-4 monomer. HoWever, the 
loWer vapor pressure of this monomer resulted in very loW 
?lm deposition rates. The deposition rates Were increased by 
heating the monomer reservoir and all-gas inlet transfer 
lines. 

[0052] The experiments above using pulsed plasma poly 
meriZations of the cyclic ethers reveal the folloWing: 

[0053] Highly effective non-fouling coatings can 
be obtained by pulsed plasma polymeriZation of the 
cyclic ether compounds When they are deposited at 
loW plasma duty cycles. The ef?cacy of these ?lms 
in preventing biomolecule adsorption is certainly 
equal to that observed With linear molecules, such as 
diethylene glycol divinyl ether (“EO2V”), triethyl 
ene glycol monoallyl ether (“EO3A”) and the gly 
mes; and 

[0054] the non-fouling character of the pulsed 
plasma ?lms improves sharply as the average poWer 
employed during deposition is decreased in cyclic 
ether ?lms obtained via pulsed plasma polymeriZa 
tion. 

[0055] An important aspect of pulsed plasma Work is the 
marked increase in the C—O/C—C ratio of the plasma ?lms 
as the average poWer employed during deposition is 
decreased. Remarkably, it Was shoWn that ?lms deposited at 
loW average poWer (and thus containing high ether-linkage 
functional group density) exhibit exceptional stability 
toWards soaking or even prolonged exposure to solution 
?oW at an elevated temperature. 

[0056] Although not intending to be bound by theory, it is 
hypothesiZed that this ?lm stability re?ects the strong ?lm 
grafting to the substrate Which is provided by the brief 
plasma on periods. In this Way, ?lm deposited during the 
plasma off period is anchored to the substrate during each 
successive plasma on period. Undoubtedly, the fact that the 
substrates are located in the active plasma Zone betWeen the 
RF electrodes aids in improving ?lm stability. Thus, despite 
the use of loW average poWer inputs, the pulsed plasma 
technique provides deposition of coatings having high ether 
content, strong adhesion, and excellent non-fouling proper 
ties. 
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[0057] In contrast With the experiments described above, 
the Work reported E. Johnston, B. D. Ratner, and J. D. 
Bryers, “RF plasma deposited PEO-like surfaces that inhibit 
Pseudomonas aeruginosa accumulation,”P0lym. Mater Sci. 
and Engi. (Abstracts), 77, p. 577 (1997). E. E. Johnston and 
B. D. Ratner, “The effects of linear and cyclic precursors on 
the molecular structure of ether-rich plasma-deposited ?lms, 
”Mater Res. Soc. (Abstracts), p. 464, December 1998 (Bos 
ton, Mass.); E. E. Johnston, B. D. Ratner and J. D. Bryers, 
NATO ASI Series E, Applied Science, Vol 346, pp. 465-476, 
(1997)] located their substrates upstream of the plasma 
discharge Zone. Undoubtedly, this Was done to enhance the 
ether content of the ?lms. HoWever, preliminary experi 
ments have indicated that ?lms deposited under loW poWer 
CW conditions outside the active plasma region exhibit 
relatively poor stability. 

What is claimed is: 
1. Adevice comprising a substrate and a coating compo 

sition, said coating composition being formed by a gas phase 
polymeriZation of a gas comprising at least one macrocycle 
containing at least one hetero atom, said gas polymeriZation 
utiliZing a pulsed discharge, Wherein said hetero atom is 
oxygen, nitrogen or sulfur. 

2. The device of claim 1, Wherein said macrocycle is a 
cyclic ether. 

3. The device of claim 1, Wherein said macrocycle is 
12-croWn-4,15-croWn-5,18-croWn-6, or a mixture thereof. 

4. The device of claim 1, Wherein said gas phase poly 
meriZation utiliZing a pulsed discharge having a duty cycle 
of less than about 1/5, in Which the pulse-on time is less than 
about 100 msec and the pulse-off time is less than about 
2000 msec. 

5. The device of claim 1, Wherein said gas phase poly 
meriZation utiliZing a pulsed discharge having a duty cycle 
of from about 1/10 to about 1/1000, and the pulse-on time 
is from about 1 psec to about 100 msec, and the pulse-off 
time is from about 10 psec to about 2000 msec. 

6. The device of claim 1, Wherein said substrate is a 
contact lens or a biomaterial. 

7. The device of claim 1, Wherein said gas phase poly 
meriZation is high voltage discharge, radio frequency, 
microWave; ioniZing radiation induced pulsed plasma poly 
meriZation; pulsed photo induced polymeriZation, or a com 
bination thereof. 

8. The device of claim 1, Wherein said coating composi 
tion is gradient layered by systematically decreasing said 
duty cycle of said gas phase polymeriZation. 

9. The device of claim 1, Wherein said substrate is located 
in the active plasma Zone during said gas phase polymer 
iZation. 

10. The device of claim 1, Wherein said pulsed discharge 
uses an average poWer inputs of less than about 3 W per liter 
of plasma reactor. 

11. A device comprising a substrate and a coating com 
position, said coating composition being formed by a gas 
phase polymeriZation of a gas comprising at least a cyclic 
ether, said gas phase polymeriZation utiliZing a pulsed 
discharge. 

12. The device of claim 11, Wherein said cyclic ether is 
12-croWn-4,15-croWn-5,18-croWn-6, or a mixture thereof. 

13. The device of claim 11, Wherein said gas phase 
polymeriZation utiliZing a pulsed discharge having a duty 
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cycle of less than about 1/5, in Which the pulse-on time is less 
than about 100 msec and the pulse-off time is less than about 
2000 msec. 

14. The device of claim 11, Wherein said gas phase 
polymeriZation utiliZing a pulsed discharge having a duty 
cycle of from about 1/10 to abut 1/1000, and the pulse-on 
time is from about 1 psec to about 100 msec, and the 
pulse-off time is from about 10 psec to about 2000 msec. 

15. The device of claim 11, Wherein said substrate is a 
contact lens or a biomaterial. 

16. The device of claim 11, Wherein said gas phase 
polymeriZation is high voltage discharge, radio frequency, 
microWave; ioniZing radiation induced pulsed plasma poly 
meriZation; pulsed photo induced polymeriZation; or a com 
bination thereof. 

17. The device of claim 11, Wherein said coating com 
position is gradient layered by systematically decreasing 
said duty cycle of said gas phase polymeriZation. 

18. The device of claim 11, Wherein said substrate is 
located in the active plasma Zone during said gas phase 
polymeriZation. 

19. The device of claim 11, Wherein said pulsed discharge 
uses an average poWer inputs of less than about 3 W per liter 
of plasma reactor. 

20. A method for plasma depositing a coating to a solid 
substrate, said method comprising: 

subjecting a macrocycle to a gas phase polymeriZation 
utiliZing a pulsed discharge, said macrocycle contain 
ing at least one hetero atom, Wherein said hetero atom 
is oxygen, nitrogen or sulfur. 

21. The method of claim 20, Wherein said macrocycle is 
a cyclic ether. 

22. The method of claim 20, Wherein said macrocycle is 
12-croWn-4,15-croWn-5,18-croWn-6, or a mixture thereof. 

23. The method of claim 20, Wherein said pulsed dis 
charge has a duty cycle of less than about 1/5, in Which the 
pulse-on time is less than about 100 msec and the pulse-off 
time is less than about 2000 msec. 

24. The method of claim 20, Wherein said pulsed dis 
charge has a duty cycle of from about 1/ 10 to about 1/ 1000, 
and the pulse-on time is from about 1 psec to about 100 
msec, and the pulse-off time is from about 10 psec to about 
2000 msec. 

25. The method of claim 20, Wherein said substrate is a 
contact lens or a biomaterial. 

26. The method of claim 20, Wherein said gas phase 
polymeriZation is high voltage discharge, radio frequency, 
microWave; ioniZing radiation induced plasma polymeriZa 
tion; photo induced polymeriZation; or a combination 
thereof. 

27. The method of claim 20, Wherein said pulsed dis 
charge comprises a series of variable duty cycle. 

29. The method of claim 20, Wherein said substrate is 
located in the active plasma Zone during said gas phase 
polymeriZation. 

30. The method of claim 20, Wherein said pulsed dis 
charge utiliZes an average poWer inputs of less than about 3 
W per liter of plasma reactor. 

* * * * * 


