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from th1s work. When fundamen

done w1th elmplest systems.z '

fSOme 1nV33tigat°r32.h5V3 attempte i) study &dhesion by experiment-jswﬁw

}?llfeelly observing the oropertles which are related to it. fcontact angle,

1:{ 4> interfacial tension and wetting are ‘a few of these propert1es’5

The direct

measurement of adhe51on force between two sollllmaterlals has Been attempted

n!many instan'es, hcwever, the methods of measurement employed cannot be

'_con51dereted adequate.

: inlthe 1aborator1es of industrlal orgenizatlcns.

The anes most frequently

: Although

'mv 1n general; too much emphasis

- hes been placed on the tensile test.' When dhes1on test specimens are

G

‘“;subJected to a loed perpendlcular to the 1nterface, the stress at that ,er:.

1nterfece 1s certalnly not e pure tensile stress particularly when the {?’Lg RS
elestic moduli of the two materlels vary eppre01ebly. ,Furthermore,;1t:1f;;w*;/
:‘m:y be pointed out that tens11e testing in generel, even on single materials,v;"'

1vas xesults Whlch cannot be reedlly 1nterpreted 1n terms of atomic and

moleculer forces.

RS e

-

Reprodubed with pefmiesion of the copyright owner. Further reproduction prohibited without permission.



Previous mathematlcal 1nvest1gatlon53 4 5 5 7 while limited in

"'ﬂpscope, were concerned w1th the nature of the intermolecular forces. Most

"4of these 1nvestigat1ons deal w1th the interactions between moleeutesa,

s

2but some studles have been made on 1nteraet10ns between a molecule of a

.,"glven substance and d crystal of enother3 7 9 London and Lennard-Jone53

PO,

§ were among the flrst to celcuiete such interactlons w1th th e use of seme— A

”_nlaesical and quantum mechanlcal treatments.. Others6 7 8 9 have continued

';these 1nvest1gat1ons along Simllar lines conflning themselves, however,

m?to 1nteractions between neutral gas molecules and metallic surfaces21

"5jAlthough the results of these studiee should be dlrectly epnlicable to the Q'f~

B adsorption of gases on metal surfaces,~e proper correlatlon of theory w1th
1‘.experimental data appears to be lacklng.g.
v{jl‘: No previoue attempt has been mede to 1nvest1gate theoretically

‘jsolld-solld 1nteractions. f v:;:ffv_ofiq"..fnfhﬁ'; ﬁiyﬁ’fij, . Ef“.:ﬂfif[{}e"*f
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" sCoem OF fz’:ws‘sm;m_r‘ e

'.“:,'e object of this 1nvestigation was to study the efi‘ect of polar i [

T groups on the adhesion of organic polymers to metal surfaces.;..gﬂﬁ

Because of their relative structural 51mplicity and their practical

— 1mportance, vinyl type polymers were selected for this 1nvestigation.'j s
The dipole moments have been determined on nearly all the Vinyl fem.f*~f;';.ii*"j*nw

polymers or, at least on the corresponding monomers. The fractionation of b

v1ny1 type polymers is relatively 51mple, and their molecular weights canzb-f7i

be readily determlned by the v1sco51ty method s1nce the necessary oonst&nt

for evaluating them have been previously determined by other investigators.'igiag.‘

. - 4' R
The ch01ce of the v1nyl polymers to be used was narrowed to the Q,

following.3 polystyrene,\polyvinyl acetate, polyvinyl chloride and polyi- '

.'f, soprene.’_The PhOlce was based upon both theoretical and pract*cal consider-y

'&, atlons., Theoretically 1t was des1red to obtain a range of magnitude of

edheemon.,_and fo ’ 1tio'”tion,letc.

rectical purpos "olubility,,fase of f':

were considered.‘,x_f”

'_In developing the theory for the adhe31on of a polymer o a metallic

surface 1t was assumed that the adhesion results entirely from the inter—if;f"il

aCtion between the dlpOles of the POlymers and the metallic urface.;~v‘“

>:7iy_‘ Although this assumption: s not strictly true, it is helieved that the' o

main contribution to the adhesion is indeed derived from the dipole—;yfff:

1mage iorces.

theoretical adhesion value for several vinyl polymers was‘determined by :
using the known values of the dipole mements.‘;i'

e
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Experimentelly three of the polymers, 1 S polyvinyl chloride, poly-

ﬂpr.fvinyl acetate, end polystyrene, were fractionated into a sufficiently

’flarge number of ﬂactions and’ their molecular welghts were estimated by the EAR

‘fv150051ty nethod. The other polymers hed been previously prepared for enother'

pﬁhproject end were only purified before using. All or therebove polymers were -

_;1' ;fprepared for the adhesion test. The test was conducted on an electromagnetic

-aultracentrifuge. In this test a small quantlty of: polymer was dep051ted on a-

.fﬁone quarter 1nch ball beering rotor and then the rotor was spun at a- speed jl“

: lisufficiently high to Separete the eolymer from the surface of the rotor.v; ?f‘.yu

H5f7The adhe31on force was: tnen calculated. In addition to the electromagnetic
\

;rultracentrifuge method of determlning the adhesion force the tensile test

v

\V_method was’ also used to check order of magnltude agreement.i,:f_

S B , LT . B R
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’HIEORETICAL TREA rxm |

-.-uAs has been prenously stated the edsorption of g&ses to metals

.1;has been_treatedlboth.classzcallyfand_quantum mechanic&lly3: »«{\and—thee -

van der ’Vaals relatlonshlp between these neutral ges molecules end the

o metal surfaces have been deterznined.. On the bas1s of thls knowledge, the

: classmal end quantum mechanical treatment of the. forces between & solid

,'.’polymer end a metallic surface was undertaken for this 1nvest1gation.',"Aj

Ll N

':,Tnumber of assumptions appllcable to thls particular problem had to be made e

"_:"and' ire discussed at.thelr polnt oi‘ mtroduction.

Class:.cal Treatment of Adh631on Force between a Polymer and a

’ _Metalhc Surface.;

In th"s treatment the monomer is the smallest 1nteracting unit

"v"considered 1 e. a dipole. Thus the molecule con51sts of rsndomly oriented

A linea"" ,diaolesnnd is. on the hole electrlcally neutral. 'L'he metal':is

‘regarded. as a perfect conductor and the problem becomes essentially one'of

;,determlnlng the adhes:.on force between the randomly orlented dipoles and
their 1mages. e
" __: ’é ' ) v

Inv a. fleld of potentlal U the potentlal energy or a dxpole J.S

equal'toi the total work done, eg:unst thls field in bringing each charge

‘sep&rately into place. If the potenhal of a- field 1s Ua for a chargefe at A

andU for a charge eat B then tne 1nteractlon energy 1s'

\/ E<U Ue) 885 }(65

/ i
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“Vectorially then: .

- The “electro static:;

L ndg imy éri’én‘,{;'{ation;g Thus each monomer unlt or dlnole
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fz}is assumed tnat vhe orlentatlons of' the :.ndiv:.duel‘*?.-f'-

' ‘perlcdlc dlpoles cuused by dlfferent actjng molecules. : -Each of these
. oy
. ¥ K :
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s

ngls obtalned.; The total pOtential energy lS

j7becomes.j L

.
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1

?;5to the follow1ng form \,fuj,' fjf

?f'and by 1ntegrat1ng the quotlent of 1ntegra1s by parts equatlon (?)rredueee'

~ .,’-‘(8) V [1 ‘l‘ 2,\(3)} :' Se/\(R)id 1

e?-By differentlatlng equatlon (8) with respect to R and letting R = 2r

o ,where r_represents the dlstance of the~d1pole to the métal surface ‘we 1

'ﬁobtaln the adhesion force. "-.'u“

RO “”F""—dR:idh, SRR

*3:ﬁ Fm represents “the average force exerted by each dioole on 1ts image.r‘

.

}To obtaln the sum of all these forees over an element of unlt area we L

E may integrate over all T' s, s1nce 1n a statlstlcal trestment it is‘j-f

perm1531ble to lntegrate over a dlscreet number, because the number of

Hence, the total 8dhesion force per unlt area becomeSJ,:“
: ; (- -
_QSMCN _@ [:\l (eo) \/ (a)]
,\(Za)

2/\ (Za) §

- Where vié‘Adgesiph Sfreeepepdfffjs:ﬁhe”Deﬁeity-Fector,gz_—r_x,
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g

Equatlon (10) may now be wr1tten as follows'f”

,\(Zo)
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O"

RS _ :‘:where jig}'f— den51ty of Dolvmer'i , ~
Com e e Pﬁn\ = moleéular weight of. monomer unit
Y ’ ' S .;t,stress Adn dynes —«b_ . : :

A() “"'

l'.It.wrll be notlced thet the dlpole moment and molecular weighu are thet
‘: af thé. monomer,‘hhereas the dep51ty is that of the polymer 51mce a .
:.;;polymer 1s actuall;‘used._ Thus, the adhe51on force appears to be l X
'(ipractlcally 1ndependent of the molecular welght. An alternate treacment
ll;whlch does not assume contlnulty io glven 1n the enpendlx.‘ ltuwill bei~

'-jseen that the result 1s 1dentlcal.“ R

:{ﬂlt should be noted that 1s s not necessary to use Boltzmann statisticsl .

Liprov1ded that ‘we. assume completeirandomness_of orlentatlon on the part i

i__of tne dlpoles.' In fact this assumptlon may actually be mare valid
' f351nce tne dlpOleS in a. polymer are probably not free to rotate es is the

chase in a gas. Averaglng the interactlon energy over all orientotion, WE .

j(l+¢os e) d.Q_

Sdﬂ : ‘-

m = 4" R3 (a+ cés e) sms dedcf ” f




St aiee

‘whiehlubon“integretion:leeee to:’

41’/43.? .

i (13) :

= 3 .R,B

1Ut11121ng this result we now obtaln for S

_‘ et (l‘-}) ‘ 5 : 502,,)( ’o.':ﬂ r:;ma?'

(B) %uantum Mechanlcal Treatment of Adhesion Forces between a'

Polymer and a Metalllc Surface.l:ff» -“

In this treatment just as 1n the 018551cal one, the monomer is :ﬂf"
3\:ftreated as the smallest 1nteract1ng unlt, and the polymer 1s considered

e s made up. of randovnly oriented linear dlpoles. : Also the ‘nonomex..qr
‘Ai;dipoles are flxed in pOSithn and are . electrlcally neutral. The metal
"18 con51dered as being built up of p031t1ve and negetive charges.‘.i‘J

Con51der the 1nteractlon between the monomer, with its co

-ordlnates RN

“.mat the orlgin and an element of metal e d1Qtance S from the orlgln.

1;By an element 1s meant 'volume of smcller dimens1ons then the wave

{-‘length of radlatlon oorresnondlng to the predon;nant resonant frequenc—

'vleS of the molecule, but suifn 1ent1y large to possess the propertles

14:;"of the netalg : In v1ew of thes propertles, the total interactlon can}

S lbe obtalned by summlnv up thetiements, and the well known equations for

Jpoldrizabilitj mey be employed 1n solv1ng the problem. 'ﬁhl }{' .

o -:_',"I'he potentlal § et S due to the mono'ner iq'. '»- '
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3

%<s> | FE .

‘the monomer and Figh

: Where eR reprsents the dipole moment o"

. : u)“i * o
represents the dlsplacement vector, where : : z ‘ ‘andj o

where-tfl. represents di.stance :f'rom origin 10" plus (+) charge and—l! is

o

'v»distance from orlgin to mnus ( ) chﬁrger R .f'_‘_-v. ,. _' : .' RN
- Slnce 1t has been assumed 'bnat the metal 1s made up of posn‘.lve .

: and nesmtlve charges, then 11'. 1s proper to state, that the element is : S

- -, —iy T e JrS— -

[ ;
made up of n positlve chqrges at 5" and n negatlve charges at SJ i
T‘ms the 1nteract10n energy b.etween the mc-talllc alement anu the BRI '! .

*nononer w1ll be e

o "B
.\' -
- .
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"'_,Since eZ(;g" h-‘ ) represents the dipole moment of the metallic o

V velement it mey be writ‘ten eR and if vedors is taken along the.:.

Z axls, the 1nterectlon energy may be written 1n the well lcnown_; E
form, ‘as follows. - . - *

V ."" D\ X" Y Y Z Z"’Z “J -4: ]

reorngent tde unnerturbed state functlon for calculetlng the ;
nteracnion energy, where ‘P(‘)represents the state of the monomer unlt
and 4’(‘) represents the state of the metal, end lf the monomer unlt 1s

represented as. a- rlgld rotctor 1$s wave equatlon 1s-"' ;

CoSG,) e

In an unperturbed metel the charge is unlforznly dlstrlbuted to a,

very hlgh order of approxlmatlon which accounts i‘ar the fact that there

lS no pernanent dinole moment._ Thus the i’lrst order expressmn for

the interf‘ction energy vamshes AE O (see appendlx), since 1t depends

upon the 'nroduct of tne dlnole moments o:c monomer and of the metal.‘

The interectlo‘n enerzy 1s then ,.,Iven by

'(’M.)az 'V,Au bz)'
E(a,) EC#) + E(a ) E(bz_)
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_’_ ‘;-2'_;_..',1_':4 where each state b depenﬁs upon the quantum number of the monomer (b )
"*.  and metal (b.._).._-_- _ :; ‘

- ':If aquatlon (5) 1s averaged over all the magnet:.c quantum numbers of the

R

i -»monomer, tnen AE;becomes

](l ‘"), )az,\/'/\‘uo ,bz)r'
E(() E(A)+E(az) E(bQ

' Au,,

L _’S:ane the monomer 1s regarded as a l1near mgld dipole and its wave -
: :,"..leequatlon 1s of the fom SD(') = j i (h‘) %“F) @(9)
. vf-the.matrlx vab vnay be exoanded and wrltten in. spherlcal co—ordlnates,
:-‘“and b_,' these operatlons t,he dlpole moment of the monomer may be determined
‘ w b ) ) b
(a a,_lVIb bz) = (a IeX il (G leX I z)
(;)
+ ra IQY l ’>)(0z ’CY | b)
- ch IeZlﬁ)(a,leZ l b>
»Iand smularly for the Y and Z components.-, The dipole moment of the
RN 3 m:)noner 1s now deflned as: o ’- R '. .: ‘. . '.' .";' o
L Jcrr soeq dh Lin |
_, o L .
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So Vnow thelmafrix fOI; _V is: A Tl T s e
(,l m,,QJVIA u., bz) {(l.m,:glz\u)(a leX“'l bz)
SR UV +ﬁ_({_m.'.‘.|_7,l_..‘. I\,_b! )(QtLe \/w,b )

—
o]
~

| R : =~ 2 ISIA uXa leZ“" ﬁz)

. whereg 7[3 represent ’che respective trigonometric fu.nctlons.. Slnce the LT e

molecule 1s regarded as a: rlgid d:.pole and’ fixed in pos:.tion only the
' rotational energy ex1sts, no change in’ nbrational energy occurrinb. N A
Generally t:he rotational energles are ,emall, esnec:.ally small are the IR S

changes -in- rotational energles of the molecule as compared w1th the

o changes 1n energles w1thin the met&18 R Hence E("a) E(bx.) )> E“) E(A') IR .

_ so that E(f.)- E())may be neglected and AE becomes. '
—i TRl lm, l?//\ d.)( 0; Ie)(‘" b;) +
- ‘A,E?-T'éf-.?l "fs“ iy N
ey (!mnu u.)(a,/ex“'/b) z(! m,IISI/I uxq,/ezw/wl
_ ~_>;  PR BRI E(Qg) b(bz) i __"A L ; S

Upon squarlng the tﬂrms J. 1s found that the caoss—terms drop out, and

IS

s 1f tne netal 1s assumed to be isotroplc then the equatlon (10) reduces to

| (¢ ", lﬁM M)I +l(1 M.MM M.)l + 4{(4 i, lSlfWﬁ v‘

E(b;) t_(q;) : "‘.’; ‘

r-‘valu«c.n.zlng the matrlx, Just ae was shown by H.‘Margenaus, the exprexsion

s "‘b‘e‘comes"‘ “ B SR
o N F :(«:L le, R“’[ ul : L

PR -
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P o A EU to=

L e17-

(see append;x)*‘“ "_Hw*_i.

: A« _’ 3 L._ E (b) E(G)

 Tuus for the mebad where G, Teprosents the growsd state, the pelerizablity . |

Tise

[(a,_le l?“’lb )l
E(bz) E(ql) _.

Slnce by deflnltmn the statlc polarizabllity of a metal 1s its Volume

' div1ded by 2" (appendix) then the average interactlcn energy for V S

. el.ement of metal conmdered. is D T T

o ’I'harefore the express;Lon for the 1nteract10n energy between the monomers_vf ; .'11,

: and tne entlre metal beco'nes upon integratlon over infinlty in the x ', g
« SRR and Y directlon and fr‘omS to°0 along the Z dlI‘PCthn‘ A"_':‘ , ‘ o '
e ST . /L/'l— o
N (15) AE 25 oo

; SRR e
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. lDifferentiating equatlon' lb) to obtaln the adhesion force between thexﬂ;"‘“

,v"Proceedlng to obtaln the total interactlon between the metal and

'entlre polvqer we have as in the case of the c13551ca1 treatment"

St f "f‘?

Il

R : o N
= enSLty actor " W R
- = minimun d:etance between metal ‘and monomer - o

adheszon zorce 1n dynes ' cni .

e

2

g

';f ngaln conulnu;ty need not be assumed to obtaln the above result.. It can"
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':dheslon forces 'at large_dlstances of separatlon 1s 1nd1ceted pn

'l{equatloﬂs A(ll) A(l4) and B (18) The short renge repulsive forees ;ﬂ_ﬁu

'”:'”are still 8t present beyond purely theoretlcal treatment16 17 ;-.ﬂdjﬂﬁi;:zf“j'“”"

-zf“Investlgatlons 1n the case of 51mple molecules have been made., It was :

]belleved thet 1f the ettrectlon forces are knonn, avallable emvlrlcel

'?data would flx reasonable 11m1ts fo*‘the repu1511e rorces16 174:dijﬂ,_;ff"

:ch0051ng a repulslve potentlel which would egree w1th known velues of

ufthe second v1r1el coerflelent B, of the eqaatlon of state, vaO‘FP71-":gv4

8 ,4-j§1,frf', and by maklng aesumptlons suitable to the partieuler

R

cese conSidered a. reasonable degree of success has been obtained for'j";f.;

flthe case of the weter molecule and other 51mple molecules.' However, the

' -nethod 1s emp;rlcal end at best is "en approx1me+1on of the truth,

althouuh 1t 1s *,5some degree a reflnement of the hard sphere (klnetlc

S

'3ﬂtheory dleuetez) Tne partlcular approach, whlch uses 8’ reflnement of

) 5ffthe herd sphere model does not dlffer greatly from 1t. Stoclﬂneyerr8 :

*Lwes eble to obtalnegood agreeﬂent wlth the«use of the herd sphere when* -

A'i;he nerlected quadrupole moments, 1.e. conszdered dlpole moments only.,' )
U&Erom these e n\.ll.deratlorsl6 17 18 19 1t appears that the hard sphere '

"?ZF1~-'Q‘,fmodel KRS proech,15.ebout es satIsfectory s method as any at the present

;tlme.,lfr'

ddltlon 1f one conelders the monomers as conductlng spheres

'j'it c’n be shown that the radlus 1s equal to tne cube root of the

bjf“polerizability.i r"h:i.s hes been prev1ously hhown to hold to a-: falr degree j"

_-‘of acchracy. '. e ’ _‘: o s ] o o LU _

In both cla351ce1 dhd‘quantum mechenld“l treatment the distancev ftii *;~’7‘v :ff“;:-f

"between the 1nterect1nr elements is presumed to be much larger then

i
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Sre

the distauce between the cherges 1n °ny 1ndiv1dual molecule. Markzo
5 p01nts out that an error of 30 percent ban be expected when the dlstance :

between the reacting elements is only tw1ce thet between the centers of

<« T

herges.' However,»when the dlstance 1s flve tlmes, or. more, ae-the o
dlstance between chrrge of the molecule, then the“error 1s only 4 percent. _f.ﬂé

e

Thus in, the latter case,‘a tolerable accuracy mey be expected provided

that there are no other forces actlng between dlpoles, l.e. dlsper51on

forces, quadrupole forces,'etc. Slnce in the treatments in (A) and (B)

' ;1t lS presumed tnat the predomlnant forces are dlpole forces the criterion';'

for accuracy 1s ap licable.v

Cons1der that tne monomer molecule taken as a conducting hard

sphere cen only approach close enough to contect he metal.. The most

reasonable assumptlon as to *hls dlstance 1s thet 1t the~mean distence

’or closest aporoach as glven van der Naals Second virlal coefflcxent. l?i‘-'

PRSI N
. : S v :

l Then the lOWer lelt of integratlon in both the clasq1ca1 and quantum

force m&y now be urltten as follows-

‘5 502;(10

%
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Folyvinylacetate(3%,35)

. “{'Polyenloroprene!35) -

» *Equations (A—ll)‘*(A=l4)“and‘*(B—lB) weremsed'*to*calculate adhesiOu e

values for a. number of different polyners frOm data 1n Table I. f"' e

SeEle

"iTREsULES AND DISCUSSION |

‘I‘heoretlcal Calculations LT
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“Density | ,
A e R 1-‘-Refraction o
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T Dipole moment - S
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“[j' adhe31on to be practlcally 1ndeoendent of th"

It will be observed thau the theoretlcal eqnatlons show the

egree of polarlzatlon,v

the Only varletlon being‘that due to the change in density. Furthermore,

R molecular welghts were estimated by the v150051ty’method.'

. f; R exeess of the lmits of the mechlneAj

as a consequence of the b351c assumptlon the adhe51on should be 1ndepend-fﬁ.5

ent of the metel as’ long as the forces remaln strictly physicel..

:l(B)rih Experimental Results

Aﬁhe51on values of polystyrene, polyv1ny1chloride, polyvlnyl_'i*
' if_acetate and polyisoprene polymers»were deternlned by tne electromag- 7;Jf”

'niorder to- check for independence of

netic ultracentrlfuge method.'m

dggree of oolymerlzatlon the above polymers were fractionated and their;:f:f;

<

Unfortunately, the ultrecentrlfuoevin 1ts present de51gn proved

to be inadequate 1n giv1ng adhe51on results for polyvinvlchlorlde,5;.;j“:

polyv1nylacetete and polychloroprene smnce the ppeed 1s llmlted by

fFor~this reason ten511e tests

on thln filme were also run with the obJectlve of obt51n;ng order of

-

megnltude agreement. The results are tabulated 1n Iable III. ;}15_
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: :{lERIT'EEN‘IlAL L -

d1v1ded 1nto flve steus'fr’

L .(lif ractionatlon of polyv1nyl chlorlde, polyv1nyl acetate

- and polystyrene.-'

";ff7ﬁﬁ(é)i_MoleCular welght determlnatlen of the aoove fractionated -

vifpolymers.-

_._,_'

- (E)f‘Preparatlon of fractloneted polymers andfball bearlng rotors va

;for adhe310n test.«uflﬁﬁﬁ'ur,,-

*_;g»f]ff,*;ijﬂ_jfj;(4)¥ Ache51on tests by means of théﬁelectromagnetlc ultracentrifuge.;;“"

o (S)i.Tensl e. tests on fractlonated polymers. :_f* f::fiﬁ"tjiiff‘ e

2 (a ) Fractlonatlon of the Polymers :u“fy*"““°':

f (l) Polzstgrene-*ﬂ

B :i"',ej" . ”"f'!tﬂvgt::fff'jﬁPolystyrene was éissolved ln methyl ethyl ketone at jff'?fd']»:ft°f‘”

kl*room temperature at a concentratlon of 2 percent by

,;Welght.‘ Methanol wes used as ‘8 preclvltant to obtaln'7i’

'-'fthe varlous fractlons. The procedure was identlcal to

'}ﬂthat used by Nark alfrey,‘and Bartovzeszz.' Polystyrene-f""d -

-

was Obtdlned through the courtesy of Nonsanto Chemlcal Co.

(2) Poly71n/l.Acetate. jl

'”:, POlelnyl acetate was fractlonated by the fractlonal

'le solutlon method : It was - extracted 1n & Soxhlet apparatus jlw'”" s

'w1th butanol.: Benzepe was used as a solvent and butanol»"

T T and petroleum ether as precipitants.' The procedure'was PRt

. ! . -
S
A
R -
o . .
”. i .
. S
2 - ) | LR ¢ N !
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ﬂthe same as that ueed by Standinger, Frey and Starkzo 23

' “ff:Tl;:]f_; Ll ;the polyv1ny1 acetate wae obtained through the courtesy

if"of DuPont Chemical Co._w

'IG)iP°1yvlnyl Cnloride. fj,f"»

'Polyvlnyl chloride wes wetted with acetone and then v
_»v;,fdlqsolved in cyclohexanone to a concentratlon of 2 5 per-w

":fcent by welght.‘ Nlth v1gorous stirring of the solution

el

'lﬁj?whlle belng refluxed methdnol was added very slowly which

't<prec1p1tated out the varlous fractlons. The procedure used

'ﬂ“was simllar to that employed by’ Fuoss Tﬁe polyv1ny1

7fﬁkchlor1de wesgobtalned;throngh thejcourtesy‘of‘the_B.E;v_r

“F? Goodrlch Co.'f"f

*{ by weight, was determlned by means of an Oswald v1oc051meter at 30 C. _>

' The follow1ng solvents were used"

'(.) Toluene for polystyrene fractlons.'

bfl,eﬁbjs Benzene for polyvznyl acetate fractions. Co EE “7

ey

Cyclohexanone for nolyv1nyl chloride fractions.e,.ff

. The determlnotion of v1scosity on the varlous polymer fractions wes'

»‘made with en ordlnary Oswald stc051meter.' Exactly 5 ml. of solutlon was“tm-‘

"jglntroduced 1nto the large bulb of the v150031meter by means of a pipette.;"

>U;f7'lifTbe eppqratus “dS suspended 1n a- constant temperature.water bath UK)CTlO)

" 'After,the vlscosimeter gnd‘solutlonnaqqulred;the temperature of the,water.wl“‘
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'until the level of the solution was above thé’ upper graduatlon mark. The

i :l1qu1d was then permitted to flow back through the caplllary and the time

o

“fvrequlred for the surface of the llquld to pass from the upper to the 1ower

: neck was determlned w1th a stop watch.

. The fo¢low1ng equations Were used to determine_the int:insic vi57  _[

cosity and moleculer;welght 1.
) P = IlnT -
L c te
where: fﬂ?;f" - . '
- concentration in grams/lOO cc. 9 e
‘“vwhefe:g1 -5‘1ntr1ns104vlscos1ty 7 iy
Yo ‘='congtant for particuler Dolymer . i
- N coefficientAfor a particular polymer ..
Tne "Km" and "a" G o I
“ Polyspyrepegsﬁﬁf-" : R
e )
S o '3‘ ﬁ: i f:v ‘._:earlng rotors were cleaned with acetone to degrease them.:"'
,After thls operatlon the rotors were 1mmersed 1n trlcnlordethylene bapor and
- kept 1n 1t for a perlod of ﬁne hour.- Upon drylng, the rotorsvere placed 1n a
@ L{- = : N
' LR ST . S
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R vacuum dessicator until they were to be used.-,'?'::;iftﬁ'v:v; f;'?l*d ECN

The polymers used in the adhesion tests were dissolved in the

O

'f,prop r'solvent at a concentratlon of 40 percent by welght. It was found that

‘vﬁzthe best result"were obtained when this concentration was malntained.'

By the use of jlgs to hold the rotors and a dipper, the rotor was

e;:droppee onto a pan, which contalned the dlssolved polymer." By adjustlng the.f'» o

"?t”dipper,_any size drop could be dep051ted on the surface of the rotor. WIth

"~.va .malllamount of experimentation t"e de51red adjustments could be obtalned"'w

R After the drops had been ep051ted on the surface of the rotor, »a;f;d'

’1“rfr,ﬂvthey wer “permltted to air dry for two hours and then were placed 1n a

'”wj’vaeuum oven and drled at 55 -75°C’ (depending upon the polymer) for 48 hour_

The rotors were welghed on a seml-micro balance to determine the' L 9jf_ :A‘u'iefo

ﬂf,weight of the polymer, and ‘were photographed to determlne the srea occupied.i'"'wﬁ

'ﬁf;The samples were then ready for the adhe31on test.

The Electromagneth Ultracentrlfu3851

EzThe enolosed figure shows a. schematlc diagram of the electromagnetic_f S

ultradentrlfuge used 1n testlng the adhe51on oL polymers o metal. It was

: “deVeloped from the centrlfuges used 1n the productlon of hlgh centrifugarz

'¥f1e1d556 The rotor splns 1n s vacuum | (lO 5mm)‘.whlch elininaues practlcally

:all the alr frlct on forces. The naln components used are the supportlng

w?c1rcu1t rotatlng clrcuit and the measuring 01rcuit._

The rotor 1s supported in +he axlal magnetlc fleld,of the supporting

'v:solenOId and is rotated by the rotational fleld of three 00115 exclted by a

‘zlthree phase oscillator. ”he horlzontal pasitxon is deternlned by the symmetri- o

'ﬂfi tne supportlnn solenold. When tne rotor 15 1n eguillbrium

. N v - . E 3 T - : : -
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SuppOrting Circult
lb

S : : _'lOtMc., | IR Dcfed’OY co /-)mPl i-ur

L PPl EE Devivateve
e e e e et

A”Verticalx'”vement or ball 1s sign'lled through the cain. The output of the 1f.}:j g

L ) .»csclllator is: varled by the ais ance of the ball, and is detected b:,r the '

: cathode follower ( Inf. Imp, detector) The amplifier sends the signal to L

5

' tne coil. c. i”f’f

'lRotatlng Circuit*‘

. : r—-—-—_l!Zo’LuJ AmP IR

K A CER v

. Messuring Circuit: . .

S o [ev
» Ca‘f"_lndf" B . o ‘:‘ ’ L OS<|”9_
T Fetlowey T T ]9k

: SFig. I Scheratie Disgram - .

v

8-
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;p031tion the servo mechahism adjusts the magnetizing current 1n the supporting

"7solen01d so that 1t is enough to support the weight of the rotor..

The speed of rotatlon is determined in the following way.- o

7hthe rotor ls illuminated by a 1ight source and a lens focuses the be&m‘of
'llight on the rotor 1n such a manner as to reflect 1t into a photocell by
'.transmltting a beam of parallel light to the phototube box.__The output of
k ’ the phototube 1s fed to an oscilloscope which is calibrated with a standard
'.j;audlo oscillator._ The synchronlzlng frequency of the oscilloscope lS the - i

fspeed of the rotor.v The fqrmula for determlnlng the adhe51on force is'3

F = 2.81 % 1fo"5me2 :
Cl LA 1bs/sq. in.a

.where -m

welght in milligrams

H_N': speed in rps
. fA”:»eree-of polymer‘onfroﬁor surfece 1ﬁfgq.f;n;c, .
(e ) Tensile Tests "':~b":5r;f %?:’:;r];_5‘f :;;:o:_ 1'_» j “ﬂ;

The loed necessary to separate a- fllm:of polymer from the netal

. ?

'fThe spec1mens used were l" 1n diameter and made of

SE . RS

3"{_1'“:‘1hardened steel. The polymer (frectlonated and unfractlonated) was moléed

‘vébetween the two spec1mens. After coollng, the specimens were removed ﬂrom

""fthe mold._, ch speclmen was then tested on 2n Olsoh Testlng Machlne.‘f

':, It was - essential throughout thls operation (preoaration of . specimens A

1

fﬂvfor tenswle test) to 1nsure that the surfaces of the soec1men were scrupul~};

Ef“ously clean, otherwise faulty results mere obtalned even when only traces of
ﬁf:imerlties were present.: ' R
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s SWRY;AND CONCLUSIONS. * - e L
Assumlng the adh931on of the polymer to a- metal to be nainly due , l:_.
tondipole ima&e forees, the adhe51on force has been calculated both classi-' "h'
W“ . ey '. i BN
"'u Qcally and quantum mechanically for a number of vznyl polymers. ; .
The theoretlcal treatment leads to the following equations'_} .-y
o Class:.cal' G - S 377“0 “’" 1A 1) L
o - zA(a() A( ’o{ - .
w (Assumlng Boltzmann ctatistlc) Sl _ ﬁ; - x i o
: . ~\; : S . . o
: _q;uantum Mechanlcal and Classical S 5-02 )\'0 2 Jum 0— S A SRR
(Assumlng Compl te Randomness) pq g( i tv:]”"_:,w~jn s S
These equatlon demand that the adhesion rorce be essentially A E :q
-:s:independent of the degree of polymerization and independent of the metal, as'f” ;T73
S ’ el : . } 4
UUAOng as the bond 1s purely ph751cal. K
The constancy w1th molecular welght has been substentlated by .

gexy “im'ntal results on«a.set of polystyrene fractlons of varying molecular‘

.~

‘;rfweights‘ 'ens1le adhe51on tests on other polymers llkew1se show the same‘,;fftnf" -

PR
[

f;tendency._7f f’e"'; T

The exnerlmental adhesion velues obtalhed by the electromagnetlc

‘ethod Were found to give good agreement w1th the theory 1n,’ﬂﬂfﬂf““u("

.yultracentrlfug'

;’?fthe case of polystyrene. PolyVLnylchlorlde and polyvlnylacetate were. foundyb

;ﬁto be boyand the range of the mnchlne at. the present time. The ten31le

',f-adhe51on results, however, show order ‘of magnitude agreement. ’Furthermore,' » ' :
'fthe tensile res‘ulte are on the 1o: side of the tbeoretlcal values, which
'5;' snould be expeCted on the hasis of the theor; of elasticlty. o
7. -
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mxcﬁmﬂﬁﬁﬁdﬁmmmmmﬁmm&msmmé45qu{?m;kﬂﬁnp?"‘
Lo T e el L v = .t )
Let -us - now consider the distr}butlon “of the monomer through spacs.
—the monomers are assumed—-to——lie 1n—layers~then—the—rirst~layer—will—extend~__—_ __m;

o<

;5from a to 3@, the second from Sa to 5a, etc.,.where & represents the radfus ;Vv:hf;’vk
‘]'of the hard sphere model. This presumes that all the molecules in the rirst ’
layer cannot touch the uurface of the metal. The average minimum distance ;'“v*_ffw‘[

e from the metal surface may then be determlned 1n the following manner':f

| ; N L e e
,._.ﬂg,mw,;_,u-' z4ﬁh¢ AT A A
A S It will be notlced thet 2 j;’;?"'g 1s very Elmilar to -,;,v' LT
DRSNS e _,' R LS ( n I) s Lk

R /. 4 = = If the flrSu two terms of: the former summation are 5_,">»L"’”:w
S e 'Yl - .-,q.O;-—~ .

z4n+z SRR
G 1

</L4>qv 6a4

Itisn’

possible to determlnb the total adhes1on force bothl}

_5¢,4:a;"c1as51cally and quantum mechanically and 1t will be found to be.

dlstance betwgen dlpole and the metal surface .

[ ’*z'f\ (*—T 1)] | '@

Cla351cal. 

where a

. ll.

; 'll

N
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. R o 141 S :"‘fﬁf.’” .ﬁeﬁg__je L :‘H"-‘ '.V”,if;; )
Quantum Mechanlcal-,e '.E;, M. ﬁ ef'f~~?f;if'-5_" 35=¥" e . 93w~w-5;'ia.1?

. LT 2444 L U T T Ll

G
' _where:a = distance from center of sphere to metal surface where*

sphere and—metal are—1n~contact*with~each other

Now 1f there are n molecules Der layer b cm. thlck per scuare R

'centimeter of surface, then 1f

P ’

‘-n’ - molecules DR A N
- cubic centlmeters.; ;j'M_

Since b represents diameter of the sphfre, the eq uation fdr n’ﬁay:be"

Lt Qﬁwrltten as follows- ~"_ ca N
‘n. = -
N '
S T e o 4
i~ or ;equations become:. . . R N
SR T A T Db et
- z

e 87 x102 Mm Gp Bl
.R,_. ' ='.f7”a}W4%71‘35f" AT

s siswoea 1022 M Tp
PR 'M...q3 o

b
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j@ﬁf;amaticai T‘iiééﬁzﬁent , of Rahd?m: bffeﬁp@tidn‘ _or”‘D‘ipql'és IR

v

C .F'Hdﬁ_evver i"f”‘wé""ha‘%e'raﬂdom ori‘en:ﬁa‘ticﬁh' only _ﬁhé (.-_-)é ‘.;e’ms:wvilii not L

.- vanish, hence: .

& . °
: . : 0.
+ \) . B
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Fil;;t .6rdér Pe;'t'urbatlon, A E O S e - :
‘ : : x(l'xn-) Y(II y(z) ZZW (.,))
S q;(, ,,) V K/f'(l 2.) d’t

e . ’I’hls 13 permissible because V 1s e multlpllcatlon operator. . Substltu'clng RO

for V, AE y now becOmes

5‘/"2) X ‘IDC"-) d’(‘ SKP(«)X ‘)[’0) dt

dlstnbuted Hence e

A E, - o e e

vv“
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EVQ{:

*". . Derivation of Polarizability By Means of Quentum Mechenics =~ . . .

'“he pOtential energy °f leOle 1n an electrlc field E is
; : : ‘: H- eRd cose ) Lo
; "'V:‘{:".;Assmne dipoleﬁin—lowest state ,~—7f€6° ~—v, then ‘ , e
| LP Ge (R)C‘ P(ao “59) e S e ] _ |
9= R0 G Pl <oy “" s

SR .'_..Slnce R

: H\m R R

cose.s,»—.a ’P@u Coss) ;<'2

5@?;@@ dn- £ Glmn)

[
!

'._Thus the above eniuatlon for}( may now be written as fol]_ows

M- G lsmp) Cgu T e Sf":;

A ;?_,Integratlng and sxmplifylng, We have

N (o b) (/) Jmé)i f(o./emb)

V : > Ta N e
L e " T e o o
. '; L - : " . :': . g . - '.-
N : V : o - = . .
Bt ’ Lo . ..
: e s o . .2 et
B [ o 3 ¥
) =i Ry o , A g g
. . . : - :
- B ‘ ‘/’." B
. . ’. : = .
s RO e |
' 4 ‘ + iv“‘ T B
,' . N - R -_ . . B i .
. .- A L
- D o ‘ -
t LI
P I S '
A . = )

B S
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Obtalning the second order perturbation, we have- Gt

e Z l 7*((0 b)' [ (o l‘eT\’I vb)' (<SM 0) (S)”)

E@-E Cb)

' classwally 1t 1s expressed 1n the followmg manner. .
L : At.z_—.——/a(fz' B
' [(o lc??lb)l *t

ECb) —-E(o)

. ;div:.ded °oy 2” .* ThlS may be shown to be so m the following manner R

whereq.[ = surface charge den51ty

E —_ electric field

i .G‘Ad

Wh‘e‘reﬂ.,v :

}pole moment, M L "

\/

ez s umty, then /_‘f_ O(

wer

Z"
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