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Abstract - Irradiation of acrolein vapors in the presence of films of nickel and other metals 

results in the formation of thin films of polyacrolein on the Petal surface. The polyarcro- 

lain film protects the metal surface from abrasion and corrosion. RAymer growth is wre 

rapid on oxidized vs. unoxidized metal surface0 indicating a role for muface oxide sites in 

the polymerization process. Several other monomers investigated fail to form adhesive polymer 

fiti on metal films, but can be copolymerixed with acrolein. 

The formation of polymers upon irradiation of the mOnomere acrolein' and methyl methacrylate2 in 

the vapor phase was reported nearly 50 years ago. Polymerization of acrolein results in the for- 

mation of a white powder on the walls of the irradiation vessel, while polylneriaation of 

methyl mthacrylate results in the formation of an aerosol which deposits on the walls of the 

irradiation vessel. Polymerization of a moMmer vapor in contact with a metal surface was ini- 

tially reported in 1961 by White, 3 who observed selective poly-1,3+utadiene deposition on the 

areas of freshly prepared lead or tin films upon exposure to W lighte3 Subseguent investigations 

have established that a nwkber of volatile monomers can be deposited as uniform thin films on 

metal surfaces using W, electron beam, or plasma excitation.4 Ilscently, W laser induced poly- 

merixation has been used to deposit poly(methy1 methacrylate) films with submicrometer linewidths 

on SiO2 subetrates.5 

Interest in photoinitiated polymerization on metal surfaces has been spurred by the techno- 

logical applications for this process. Uniform thin films can be used as insulators in electronic 

devices or simply to protect the metal surface frca corrosion or abrasion.6 Spatially resolved 

polymerization can be applied to the fabrication of microelectronic devices.' In view of theee 

applications it is not surprising that most previous investigations of photoinitiated polymeriaa- 

tion have focused on the effects of various physical parmeters (monomer pressure, temperature, 

light intensity, etc.) on the polymerization process and upon the physical properties of the 

resulting polymers. Relatively little information is available concerning the photoinitiation 

process or the effects of moncaer structure and surface composition upon the polymerization pro- 

cess. Ne report hare our results for the photoinitiated polymerization of acrolein and several 

other monomer vapors on oxidized metal films and foils. lhe salective formation of polyacrolein 

uniform thin films on oxidized metal surfaces is attributed to the interaction of surface oxide 

sites with the growing, highly cross-linked polymer. 

Irradiation of Monomer Vapors. Mnomer vapors bmre irradiated in guarta or Pyrex tubes on 

merry-go-round apparatus using a 450 Y Danovia medium preesure mercury arc contained in a quartz 

water-cooled lamp well. lhe decrease in acrolein vapor pressure with irradiation time is shown 

in Figure 1 for irradiation in guartr tubes at 2PC. Pollowing a brief induction period (see 

Figure 1 insert), the mnomer pressure decreasea with a rate that decreases with.time, reaching a 

limiting value after 2-3 hr irradiation. 'Ihe &creasing rate of polymer formation can be attri- 

buted to a decrease in light absorption and polymerization rate due to depletion of monomer and 

to the formation of a light-absorbing film on the walls of the reaction vessel. Irradiation 
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Acrolein monomer vapor Figure 2. Monomer vapor pressure vs. irradiation 

pressure vs. irradiation time. time for 1,3-butadiene (a), acrylonitrile (b), 
crotonaldehyde (c), methyl methacrylate (d), and 
methyl acrylate (a). 

in pyre% tubes results in a substantially diainished rate of monomer conarrmption. lheae results 

are in accord with the wavelength dependence of the guantlnn yield for disappearance of acrolein 

reported by Blacet et al. for 313 nm and 254 nm irradiation (4 _ 0.5 and 20, reapectively).l 

Evidently, excitation of the lowest, n,n*, transition results in leas efficient hornolysis and free 

radical initiation of polymerization than doee excitation of a higher energy excited state. 

Excitation of acrolein vapor at 313 nm is reported to yield CC and C2Hq with a guantm yield of 5 

x 10D3.g Assming that polymerization is initiated hy homolysia products euch ae vinyl radicals, 

the measured quantum yield for dieappearance of acrolein at 313 nm requires a chain length > 100 

for photoinduced polymerization. 

Results obtained for the irradiation of several other monomers under conditions similar to 

those used for arolein are shown in Figure 2. The unsaturated esters methyl acrylate and methyl 

methacrylate react much more rapidly than do acrolein, acrylonittiLe, or 1,3-butadiene. As pre- 

viously reported by Melviller2 no induction period is observed for methyl methacrylata and polymer 

growth continues in the dark after irradiation is interrupted. 

The differences in the self-initiated photopolymerization processes of acrolain and methyl 

methacrylate are no doubt due to the raarked diffsrence in the typee of polymer formed from the tvo 

monamer.9. Methyl methacrylate forms a normal vinyl-type polymer which undergoes thermal depoly- 

merisation only at temperatures above 300°C.g Even low-molecular weight teloaers are thermo- 

dynamically stable at room temperature, accounting for the absence of an induction period for 

photoinitiated polymeritation and continued polymer growth in the dark. Acrolain does not form a 

stable vinyl-type polymer with pendant aldehyde functional groups, but rather forma highly 
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Figure 4. polyacrolein thickness vs. 
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canplaxed, croaslinkad polymets, often raferred to ae "disacryl," with cyclic acetal and heniace- 

tal (tetrahydropyran) atru&uraY. units as well as hydrated and free aldehyde and hydroxyl func- 

tional qroups (Figure 3).9410 Since water is nacassary for the formation of the hezaiacetal units, 

rigorously dried acrolsfn does not undergo free-radical initiated or photoinitiated polymeriza- 

tion.**'O The observation of an induction period in the photoinitiated polymerization of acralein 

preaumeblly reflects the thermodynamic instability of small polyvinyl type telomers and the 

necessity of water-induced croaslinking to form a stable polymer. 

Polymerization of hcrolain on Nickel Filias. Irradiation of aerolein vapor in the presence of 

Nt films (ca 5 urn) vapor deposited on polyfetbylsne terephtbalate) results in the formation of a 

thin polymer film on the metal surface. Ihe avsraqa thickness of the polymer film can be esti- 

mated frua the weight gain assuming a bulk density of f.32 n/cm3 for polyacrolain.fO As shown in 

Figure 4, the thickness of the acrolein film formed on polymer-supported Ni (100 torr acroletn) 

increasas rapidly during the first. 2 hr of irradiation, but more slowly at longer irradiation 

tfrmes. me slow rate in @year growth for long irradiation times parallels the decrease in 

monomer consumption (Figure 1). l%e rate of monomer consumption is esssnt%ally the same in the 

presence or absence of the ntetal film? hwever, 20-501 on the rmnomer consumed is deposited on the 

metal surface, depending upon the reaction conditions. Since the surface area of the mstal film 

is only ea 5% of that of ths quartz reaction vessel, polymer growth on the matal surface must be 

more rapid than in the vapor phase ot on the quarts surface. 

The acrolefn used in this investigation contains 3% azeotropic water. Iiigoronsly dried acro- 

loin fails to undergo photoinitated poly!nerization under the conditions of our investigation; 

whereas acrolein vapor to which > 10% water has baen added po~ymerisss nonselectively on all 

exposed eurfacee of the irradiation tube. The rate of polymer growth is evidently critically 

dependent upon the presence of water due to its role in the formation of the thermodynamically 

stable, CroSSlinked dtsacryl 8tructura (Figure 3).l" 

The tbickners of the polyacrolein film fonwd on polymer-supported Xi films is dtrpendent upon 
the initial acrolein pressure, increaefnq from ca 0.15 lia at 10 torr to 1.7 m at t60 torr initial 

pressure. This trend is consistent with tba obsarved prsasure dapsndence of monouLer consumption 

after several hours of irradiation, the acrolain consumptfon increasinq with initial pressure 

fFiqurs 1). Variation of the reaction temperature over the ranga 10. to 45-C has little effect on 
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the rate of polymerization or tha ultfraate tbicknees of the polyum'olein. Irradiation parallel or 

perpendicular to the metal Surf8Ce far Short irradiation periods ft2 hsf g5ve similar reaultmt 

however, prOlOxg8d irradiation perpendicular to the xetal Surf508 results in degradation of the 

polymer film as reflected by decreased teafatanca to 5guaouS trcL (vide infraf. The Similar rate@ 

of polymer form5tion up05 parallel or perpendicular irradiation and the failure of the lpetS1 film 

to increase the rate of numoaer coneunkption indicate that initiation of polymerixation o%oLrs in 

the vapor phase rather than at the netal surface- Mffueion of pbotogensrated initiating redic5ls 

or law molecular ueiqht grow&ng polymric particles to the metal. surface Za followed by more rapid 

polymer qxowtb Oh the metal surface than in the vapor phase or on the qunrte surface. Selective 

polymer growth on the polymers surface could reflect either a higher concentration of mxaonex in 

the m&al ad-layer than on quartz or 1). e5talytic effect of the metal surface. 

The effect of nickel martace oxidation w5S probed uafng 0.4 m Ni fiims vapor deposited oo a 

quartz microb515uce contained in 5 etainless ateel vacuum chanbar. PoSults obtained for admisSion 

of 4 torr acrolein to the vacuum chamber (a) iwnrediatsly after sputtering of the Ni surface, (b) 

after 5 10 n&n delay, and (cf after 8 br expoeure of the matal Surface to the atmosphere 5re ShOun 

in Figure 5. Irradiation of the Ni-coated microbalance using the uhfilteted output of a 2ou W 

5rial hg-Xe lraap resulted fn a faster rate of polymer growth for the oxidized (cf vs. freshly 

sputtered (a) surface. Ihe intarnediate growth rate for mmple (b) indicates that oxidation of 

the metal surface Occurs rapidly even iu thS vamuxm ch5xber at 51~10'~ torr. The d5t.a in Pi- 5 

diSpl5yS M initial. period of rapid murface polyxeriz5tion followed by 5 period of sbuer growth 

to S thickneS8 of ca 4.0 $ua after 3 hr irradistion. The difference fn the polymer grouth curve8 

for VI)CUUBL chamber (Figure 5) VS. quartz tube (Figure 4) xefleots the depletion of monomer uuder 

the conditiona of the latter, but not the former experiment. 

Characterization of the Polyacmlein Filxub. Scanning electron microqraphe ISEM) af the poly- 

acrolein formed on a polymer-aupported Ni film 5xe showh in Figure 6. The imat prominent surface 



Ffuur6 6. ~annfno electron mfcroqrapbs of polyacrolein on nickel: 
(hi 200, (bt 2,om: fc) 20,000 lMgnifioatio*l 

00 
WA.VENUMEKRS 

yigure 7. STIR spectrum of polyaor'olein on nickel. 

feature is au irregutar array of ellipsoidal particle8 with Utsmetera ranging from 2-4 sm. It f8 

Loterasttng to note that patttclas with a similar size distribution are obtained by radiation 

polymerization of liquid acrolefn at low teeperaturas. $1 Particle size is Ii&ted in solution by 

the insolubiLity of the polymer particles in the monom%r phase. Part&&e size in the vapor phase 

is ptaoumably limited by collision rates with the metal e or quartz surtaces in the ixradiatton 

tubes and by collision with other particles lhe 2,000 magn%fication R&M shows evidence of par- 

ticle aggregation. The use of a focused light source or laser result6 In the formstion of large 

aerosol drop&e&+ wbisb deposit nonsalectively on all the surfaces of 

aLaw initiation of gas phase polymerization is necessary in order to 

tfon on the metal surface. 

the irradiation tube. Thus 

obtain selective polymeriza- 

The infrared reflectanea spectrum of polyaerolein on Ni is shoun in plgure 7. rtre upectrlma is 

similar to that obtained by free radfca'l initiated polyCd6risatfott of acrolein,'2 except that the 

ratio of on/cl0 intensitfea is much emaller for onr ssmple* Immersion of the polymer film in 101 

aqueous Hci followed by drying results in an increase tn the at/C-O intensity ratio. Evidently 

the ratio of free aldehyde/ao%tal or hemacetaf groups in the cross-linked poLymer (yignra 3) is 

larger far the vapor-deposited polymer film than for polyacrolein formed by more ~nventional 

free-radical initiated polymerization. 

Polyacrolefn films of 0.1-2.0 um thickness on Ni are resf8tant to abrasion and corrosion. The 
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Ni film can readily be remwod frca its poly(athylene tetephthalate) support using a pencil erasat. 

with moderate pressure. Polyacrolein coated film are resistant to this crude abrasion test. The 

Ni film can al& be r-•d by dissolution from its polymer support by 101 aqueous ICl within 

several min at 25-C. Polyacrolein films protect the Ni surface from corrosion by RX. After >30 

min exposure the poly(ethylene terophthalatel support and metal film are dissolved leaving a clear 

continuous film of polyacrolein. The metal-free polyacrolein film thereby obtained has an IA 

spectrum similar to that of the metal-supported film (ligure 71, except for a larger Ca/Ce inten- 

sity ratio. 

The fact that continuous polyacrolein films can ba obtained by dissolution of the t3.i film and 

its polymer support indicates that the ellipsoidal particles observed by SIP4 (Figure 6) mt be 

located on top of a continuous polymer film. The continuous film is prearmred to be formed by 

polymer growth in the adlayer formed by the monomer on the metal surface rather than by agglcmera- 

tion of polymer particles formed in the vapor phase. 

The strong adhesion of the polyacrolein films to the Ni surface suggests the existance of a 

strong physical or chemical bonding interaction between the metal surface and polymer. In view of 

the Dora rapid growth of polymer on oxidized vs. unoxidized metal surfaces (Figure 5) it seems 

likley that surface oxide sites are responsible for adhesion. In order to test this hypothesis, 

oxidized Ni films uera exposed to the bwis acid BF3, which should coordinate strongly with basic 

surface oxide.'3 Removal of nonabsorbed BP3 followed by introduction of acrolein vapor and irra- 

diation produced a polymer film which could easily be ramwed from the Ni surface by abrasion or 

simply by flexing the poly(ethylene terephthalata) support. 

Polymerisation of Acrolsin on Other Metals. Tbe photoinitiated polymerization of acrolein 

vapor on vapor depositad films of Ag, Al, Co, and Cu on poly(ethylene teraphthalata) was also 

investigated. Polymerisation was observed in all cases as evidenced by weight gain and by 

resistance of the acrolein-coated films to abrasion and tc 101 aqueous El. Polymer grouth on 

oxidized Ag, Al, Cu, and Ni films occurred at comparable rates uhile Co films appeared to be more 

reactive. Polymerization of acrolein was also observed tc occur on pure matal foils of Ag, Al, 

Co, Cu, Ni, and Zn. 

Results obtained for pclymsr growth on Cu films deposited on a quarts microbalance in a vacuum 

chamber ara shown in Pigura 8. As is the case for Ni films, polymer growth is more rapid on Cu 

films which have bean exposed to air prior to introduction of acrolein vapor (curve a OS b). The 

rate of polymerization is similar for 5 vs 60 torr acrolein and for 2 vs 10 p thick Cu films. 

The initial rates of polymerisation of acrolein of Cu and Ni films is similar; however, the change 

in rata obvserved for Ni (Figure 5) is not evident for Cu. 

Polymsrisation of Other Uonomers on Nickel. The irradiation of several volatile monomers in 

the presence of Ni films mas investigated. Acrylonitrile yielded very thin films (<O.l ua) which 

provided the Ni surface with saue protection from corrosion and abrasion7 howavsr, the degree of 

protection is less than that obtained from thicker acrolein films. Saveral other monomers 

(crotonaldehyde, methyl acrylate , methyl mathacrylate, methyl vinyl ketone, and 1,3-butadiens) 

which undergo polymerization upon irradiation in the vapor phase (Figure 21, fail to form protec- 

tive polymer films on the metal surface. Ibe polymer oils or powders deposited on the metal sur- 

face can be easily wiped off of the metal and offer little or 110 protection from corrosion or 

abrasion. 

The irradiation of mixtures of acrolein and other mcmcmer vapors in the presence of metal 

films uss also investigated. Protective metal films ware obtained using 2rl or 1:l mixtures of 

acrolein vapor with acrylonitrile, methyl acrylate, and mathyl methacrylate. An infrared spectrum 

of the polymer film obtained frcm a 2:1 mixture of acrolein and msthyl acrylata more nearly 

resembles that of poly(methy1 methacrylatal than that of polyacrolain. Copolymerisation of 

acrolain with a number of c-n -ners has been investigated by 6chulz at a1.14 and found to 

obey the expression 
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Figure 6. Polymer growth of acrolein on copper. (a) 5.0 torr acrolein 
(a) 5.0 torr acrolein on 10 m oxidiaed copper, (b) 5.0 torr acrolein on 10 m par- 
tially oxidized copper, (c) 60 torr acrolein on 10 w oxidized copper, (d) 5.0 totr 
acrolein on 2 urn oxidized copper. 

in which m, and m2 are tha mole fractions of acrolein and the second mommer in the copolymer, 

Ml and M2 are the original monomer mole fractions, and r, and r2 are the reaction rate ratios, 

kll/kl2 and k22/k21, as normally defined. Based on &hulr's values of f, - 0.2 and r2 - 10.0 for 

acrolein/msthyl methacrylate and the preseuree of acrolein (70 torr) and methyl methacrylate (30 

torr), values of I 
1 

- .22 and m2 - .76 would be predicted, in accord with the observed changes in 

the IR spectra. Thus a copolymer with a high acrylate content can be obtained on the metal 

surface. Iayered polymers can also be prepared by first irradiating the metal film with acrolein 

vapor at 254 nm and then introducing methyl methacrylate and irradiating at 313 nm. A polymer 

film with superior resistance to 101 IfCl was obtained in this -er. 

Concluding remarks. The selective formation of polyacrolein films on oxidized metal surfaces 

appears to be dependent upon both the kinetics of photoinitiated polymerization and the interac- 

tion of the metal surface with acrolein monamer and polymer. Ihe slow growth on polyacrolein in 

the vapor phase allows selective polymerization at the metal surface to capeete with nonselective 

polymer deposition on all surfaces of the irradiation tube. The faster rate of polymer growth on 

oxidized vs unoxidized metal films and the absence of adhesion to BF3-treated films indicates a 

special role for surface oxide sites in both the polymeriaation and adhesion process. Carbonyl- 

containing molecules are proposed to interact vith metal-oxide surfaces by interactions of surface 

oxide (Lewis base) with carbonyl carbon (Lewis acid)15 or surface metal with car&my1 oxygen.16.17 
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Acrolein is known to be strongly adsorbed on cuprous oxidele and sine oxidelo surfaces, thermal 

desorption from the latter surZace reqiring a temperature of 1SO.C. 

Surface metal oxide may serve to promote free radical initiated polymerization by chemically 

bonding to the aldehyde carbonyl carbons and thus help convert the unstable gpolyacrolein" to the 

stable crosslinked .disacryl." lhe variation in the rate of acrolein polymerisation may reflect 

differonces in the Lewis base strength of the various metal oxides. For example, the metal oxides 

of Co and Ni are known initiators of anionic polymerization reactions, Whereas the oxides of Al 

are relatively unreactive with organic molecules." 

Sxperimental Section. nDnomer8 were all ccmmercially available materials and vmre distilled 
under vaculll~ and degassed via freeze-p-p-thaw cycles prior to use. Acrolein (Aldrich, 38 Ii2G) 
was used as received or rigorously dried by repeated distillation from CoC12. Vapor deposited 
metal films supported on poly(ethylene terephthalate) vere provided by 3W. tital foils (Aldrich, 
gold label) were used as received. Wetal films and foils ware cut into 0.6 x 9.0 a strips and 
placed into quarts or Pyrex tubes (1.3 x 15 cm) equipped With 67 Ace tread joints. Won-rigid films 
or foils ware supported on ground-glase flats with 3M double-stick tape. lhe tubes were connected 
to the vacuum line via the Ace thread and a high vacuum Teflon stopcock attached to an *ring 
joint. The tubes Ware evacuated, filled with a known pressure of monomer , removed from the vacuum 
line, and irradiated on a merry-go-round apparatus in a Water bath with a 450 w Banovia medium 
pressure mercury arc contained in a quarts water-cooled lamp well. Pbnomer pressure was measured 
at various irradiation intervals by replacing the mOnomet on the vacuum line and determining the 
pressure in a paall confined volume With a MKS baratron gauge. The volatile contents of the tube 
Were recondensed at 77-K‘ the tube rsclosed, warmed, and irradiation continued. Following irra- 
diation, the films were removed from the tube and weighed. 

The stainless steel vacua chamber MS constructed at 3W and is equipped with four 1.5 x 10 cm 
quarts windows. lhe chamber is evacuated using a standard roughing pump and a CTI-Cryo-Torr S pump 
which can be isolated from the main chamber. Metals were deposited on a quarts microbalance using 
a 5 x 12 in Vacuum Technology magneton cathode With a Plasma-Therm Type SF8 3000E KF generator With 
automatic matching. lhe microbalance Was cooled With 2-C circulating Water during metal deposi- 
tion and polymerisation studies. Copper and nickel Mre sputtered onto the microbalance using 
argon gas at a pressure of 10 microns and a flow of 10 cm3 e-1. Copper deposition at a power of 
300 W occurred at a rate of 1.5 A s-1 producing metal films < 100 A thick. Nickel Was deposited 
from 0.125 pm thick nickel foil mounted on the cathode with its magnets left in place. Nickel 
deposition at a power of 250 W occurred at a rate of 0.5 A s-l producing metal films < 400 
h thick. 

At given delay times after metal deposition, acrolein vapor vas admitted to the vacuum chamber. 
After stabilization of the microbalance, irradiation MS initiated using the unfiltered output of 
a 200 W Griel Sg-xe lamp. The collimated light beam vlls larger than the microbalance surface and 
was directed at the microbalance surface With an incident angle of ca. 15.. The weight gain 
recorded upon illumination MS recorded as a function of time and the results converted to polymer 
thickness, ass\aning uniform surface coverage and a polymer density of 1.32 g/cm3- 
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