
Macroscopic Evidence of the Effect of ture touehness increases with work of ad- 
hesion, a n  unrealistic amount of surface 
reconstruction needs to  be nostulated. For interfacial Slippage on Adhesion 
example, it .~vould require tha t  the  surface 
free energy of the  F C  surface increase to 
a n  effective value of 500 mJ/m2-a value 
5 0  times that  of its true value. T h e  dis- 
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The adhesion strengths of a viscoelastic adhesive were measured on various substrates 
that were prepared by grafting silanes bearing organic functional groups to silicon wafers. crepancy however may be explained by 

i~lvoking a nlodel that  allows interfacial 
slippage. W h e n  a viscoelastic adhesive is 
peeled from a solid suhstrate, it siinulta- 
neously undergoes a n  extensional defor- 
mation and shrinkage a t  the  base area of 
contact.  If t he  substrate allows the  adhe- 

Conventional theories predict that adhesion should be proportional to the surface free 
energy of the substrate; but adhesion on a fluorocarbon surface was significantly greater 
than on some of the hydrocarbon surfaces, although the fluorocarbon surface has the 
lowest surface free energy. This result could be explained by invoking a model of adhesion 
based on the slippage of the adhesive at the interface. 

sive to  slip, the  viscous work needed to  
carry out a rolling tnotion of the  adhesive 
is lowered a t  the  crack tip, and thus the  
adhesion strength is reduced. 

I t  is not well understood why viscoelastic 
adhesives, such as transnarent adhesive 

surface (FC) was prepared by for~nation of a 
self-assembled monolayer (SAM) of flu- 
oroalkylsiloxane [CF3(CF2)7(CH,)2Si0312] 
onto  silicon. Another surface ( H C )  was a 
S A M  of alkylsiloxane [CH,(CH,),,SiO,,,, 9 
5 n 5 151. T h e  third surface (PDMS) was 
prepared by grafting a long chain siloxane 
polymer, polydimethylsiloxane [CH,CH2- 
CH,CH2(OSi(CH3)2),I(CH~)2Si01121 onto 
silicon. T h e  surface free energies (4 )  (7,) of 
these surfaces determined bv the  contact 

tapes, stick to some surfaces inore strongly 
than to others. According to  conventiollal 

- 
T h e  slippage of viscoelastic polymers o n  

rigid solids ~ l n d e r  shear stress is known in 
other fields of polymer science (7) .  Migler 
et nl. (7)  measured slip velocities of a high 
molecular weight polymer (PDMS) o n  sev- 
eral surfaces and found direct evidence of 
strong slippage o n  a hydrocarhon monolay- 
er. T h e  shear response of fluids confined 
between rigid walls is also thoueht to be 

u 

theories (1 ,  2) of adhesion, the elnergy sup- 
plied to separate an  interface is largely dis- 
sipated as heat; only a small fraction of the  
energy is used to overcome intermolecular 
forces. Adhesion strength is directly propor- 
tiotnal to the viscoelastic energy dissipation, 
the  tnagnitude of .~vlnicln is controlled hv " 
interfacial processes. Current theories ( 1 ,  2) 
consider peeling to he the principal Inode of 
separation of the  adhesive from the  sub- 
strate; thus, tlne adhesion strength is propor- 
tional to the  surface free energy. However, 
our findines indicate that the adhesion of a 

angle are of the  following order: yFC (10 
1nJ/m2) < yHC (20 lnJ/ln2) 5 Y ~ L ~ M S  (22 
m]/m2). Values for the  work of adlnesioll of 

" - 
related to  the  slippage along the  interfaces 
18). In  these studies. FC liauids exhibit a . , 

higher shear stress a t  the interface than 
their HC analoes. Higher friction of FC the disnersive surfaces follow a eeolnetric 

mean of their cohesive energies (4) .  Be- 
cause all the surfaces IPDMS. HC, and FC) 

surfaces was also ohserved with Langmuir- 
Blodgett films and SAMs (9 ,  10). These 
observations and the studies of Brown (1 1 ) 
point out that the  surfaces of greater local 
mohility have lower friction than the rigid 
ones. O n  the  basis of this scenario, the  
adhesive is likely to slip tnost o n  the flexible 
PDMS surface and least o n  the  FC surface. 
T h e  general trend of the  peel adhesion 

viscoelastic adhesive is controlled not so 
much by the thermodynatnic work of adhe- 
sion but by interfacial slippage. 

W e  ohserved tha t  the  peel adhesion of 
a transparent tape o n  a fluorocarbon sur- 
face is considerably greater than  tha t  o n  a 
hydrocarhon surface, even though the  sur- 

interact with the  adhesive by means of dis- 
persive interactions, their work of adhesion 
values [PDMS (57 to 59 mnJ/in2) 2 HC (55 
to 56 mnJ/m2) > FC (40 to 46 mJ/m2)] 
follow tlne same sequence as their surface 
free energies, which has also been con- 
firmed hv dlrect measurements of work of 
adhesion with contact mechanics methods 
15). O n  the  basis of the  trend of the  surface 

face free energy of fluorocarbon is lower 
than  tha t  of hydrocarbon. Furthermore. 

values is consistent with this phenoineno- 
logical description of interfacial slippage. 

T o  examine further the possihle effect of 
surface mobility o n  peel adhesion, we used 
SAMs of hexadecylsilane of two different 
phase states. T h e  surface with a partially 

we observed tha't t he  ineniscus illstability 
patterns differ o n  these surfaces: the  pat- 

~, 

free energies, the  peel adhesion should be 
hiehest o n  the PDMS surface and lowest o n  
the  F C  surface. However, our results show 
that the  contrary is true. 

terns are smooth o n  the  surfaces that  ex- 
hibit  low neel adhesion, but elongated and 
irregular o n  the  surfaces exhibiting high 
neel adhesion. These observations indi- 

Standard traksparent tapes (6)  were 
peeled from the  various substrates by using a 
string, which ran over a pulley, that had 
known weights hanging from its free end. 
T h e  position of the  p~llley was adjusted to 
ohtain a peel angle of 40". T h e  experimen- 
tal setup also contained video microscopic 
ca~ah i l i ty  that allowed examination of the  

cate tha t  the  adhesive experiences a shear 
resistance during the  peeling process and 
that  hoth  tlne meniscus instability and the  
peel strength of the  adhesive are influ- 
enced hy the  adhesive's ability to  slip over 
the  suhstrate. 

T h e  interfacial factors that govern adhe- 
sion of viscoelastic adhesives were exam- 
ined with three types of organic surfaces. 
These sarfaces were prepared by grafting 
silanes having organic functional groups 
onto  polished silicon wafers (3). T h e  first 

fionts as a function of the substrate 
conditions. T h e  adhesion results (suinma- 
rized in  Fig. 1)  show that the  peel velocity 
lncreases as the  peel force Increases for a 
given substrate. A t  a particular velocity, the 
peel force values vary as FC > HC > 
PDMS. 

Peel force (Nlm) 

Fig. 1. The peel adhesion results of a v~scoelast~c 
adhesve on three types of surfaces at a peel angle 
of 40". W~thn a certain class of organic f m ,  the 
adhes~on does not depend significanJly on film 
thckness. PDMS: 50 A thck (O), 100 A thick (@): 
hydrocarbons: C,, (A), C,, (+). C,, (0). and C,, 
(E); fluorocarbon (A). 
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covered hexadecylsiloxane [CH3(CH2), ,- 
Si03,2] monolayer exhibits a liquidlike state, 
whereas the surface with a completely cov- 
ered CH3(CH2),,Si03,2 monolayer exhibits 
a crystalline state (1 2). Because the chains in 
a liauidlike monolaver are more mobile than 
those in a crystalline state, the liquidlike 
monolayer should allow more slippage than 
the crystalline surface and therefore yield 
lower adhesion, as we observed (Fig. 2). 

In the language of fracture mechanics, 
the peel test is a combination of opening 
and shear modes. characterized bv their re- 
spective stress intensity factors K, and KII. 
Thouless and Jensen (1 3) suggested that the 
phase angle [+ = tan-' (KII/KI)] is -38" 
under most circumstances. A negative 
phase angle tends to drive the craci into 
the upper layer, in the present case, the 
strip being peeled. In our opinion, the more 
important source of shear at the crack tip 
comes from the huge elastic modulus differ- 
ence between the substrate and the adhe- 
sive. The size of the phase angle caused by 
this modulus mismatch is, as far as we know, 
unsolved, although Hutchinson and Suo 
(14) reported a phase angle of up to + 15" 
for much smaller mismatches. The shape of 
the crack tip (Fig. 3) in our studies makes it 
clear that the phase angle is positive, an 
effkct that must come from the modulus 
mismatches, not from global peel geometry, 
which is corroborated by the fact that the 
adhesion values at a high peel angle (180") 
follow a trend similar to that of a much 
lower peel angle (40"). 

Adhesive failure occurred by a fingering 
process that left webs of material between 
the fingers that became highly stretched 
(Fig. 3, A to C). This phenomenon has 
been described by Fields and Ashby (15) 
and Urahama (1 6). Examination of the tivs 
of the fingers showed that the distance iy 
which the finger tip tunnels beyond the 
detachment point varies with the substrate. 
It seems likely that the contact angle be- 
tween the adhesive and the substrate (8 in 
Fig. 3D) varies in a similar way. 

Peel force (Nlm) 

Fig. 2. The peel adhesion values on hexadecylsi- 
loxane monolayers as a function of their phase 
states. The liquidlike monolayer (0) with a 65% 
surface coverage has lower adhesion than a com- 
pletely crystalline monolayer (0). 

Modeling the detachment of a pressure- 
sensitive adhesive is problematic because the 
material is essentially viscoelastic. Zosel(17) 
and Chang (18) showed that optimum ad- 
hesion is obtained when the storage and loss 
moduli of the material are both -10 to 100 
kPa at frequencies of -1 Hz. We propose a 
simple model of the energy dissipation close 
to the crack tip in which the geometry is 
controlled by the elastic properties of the 
material. but the dissivation is estimated 
with the assumption that the material is 
viscous. If the adhesive is considered to be 
elastic with an effective shear modulus G, 
the angle 8 can be related to G and the - 
maximum shear stress (us) at the interface. 
We assume that the interface shows static 
friction; there is no slip at a shear stress 
below us but unlimited slip can occur at us. 
The actual detachment process must occur 
in two ways. The situation is similar to the 
dewetting of a liquid. If there is no slip at the 
interface, the detachment must be entirely 
by the highly dissipative rolling motion in a 
wedge discussed by Dussan and Davis (19) 
and de Gennes (20). If there is interface slip, 
there can also be partial detachment by slip, 
as the slip process permits extension of the 
adhesive normal to the interface. Both of 
these processes are modified from the situa- 
tion in a simple liquid by the finite deforrna- 
tion capability of the adhesive. The dissipa- 
tion in the wedge in either a wetting or 
dewetting process increases as the angle 8 
decreases. Hence, as us is decreased, 8 in- 
creases and the viscous dissipation close to 
the interface decreases. 

The relation between the wedge angle 8 
and the shear strain can be found by assum- 
ing a very crude model for the wedge defor- 
mation in which the undeformed material is 
considered in two regions: one in front and 
the other behind the crack tip. The regions 
experience large shear strains of equal mag- 

nitude but of opposite sign. The region 
behind the crack tip also rotates by TT - 8. 

The dissipation of viscous energy, Q, in a 
wedge is given by (20) 

3qu2 1 xmax 1 Q = -  In - 
tan 8 x,, (3) 

where u is the difference between the mac- 
roscopic velocity and the slip velocity at the 
interface, q is the fluid viscosity, and x,,,, 
and xmi, are the maximum and minimum 
widths of the wedge. For fluids, xmin is often 
a molecular size, but in the adhesive case it 
would seem most likely that xmin is con- 
trolled by strain hardening that must occur 
in the stress concentration at the tip of the 
wedge. The important feature is that it 
should be a fixed constant. In that x,,, is 
the distance between the tip of the finger 
and the substrate, the logarithmic term can 
be considered approximately equal to a con- 
stant, a. It should be noted that for non- 
Newtonian fluids. n will be a strain rate- , . 
dependent function. 

If uJG is large, the energy dissipated per 
unit area of new crack, Go, can be written 

demonstrating that dissipation at the local 
crack tip increases with the resistance to 
interfacial slip. In Eq. 4, Go appears as a 
product of the viscous dissipation and the 
interfacial shear stress. It exhibits a paral- 
lelism to the theory of Gent and Schultz 
( I ) ,  except that in our model the interfa- 

Unloaded Loaded 

Fig. 3. The meniscus instability patterns on the three 
organlc surfaces: (A) PDMS (100 A thick), (8) alkylsilane 
(n = lo), and (C) fluoroalkvlsilane. The direction of the 

I 
crack propaqat~on is shown by the arrow. The briqht 
reglons In (ciare where the adhes~ve has detached from 
the substrate. The dark reglons In front of them show that 
the t~ps of the fingers are In the adhes~ve away from the 
~nterface (D) Schematic of how the deforrnat~on In the 
adheslve causes a shear stress at the adheslve-substrate 
Interface 
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cia1 shear stress orovides the  necessarv 
boundary condition for viscoelastic defor- 
mation rather than  the  thermodvnamic 
work of adhesion. 

According to this simple picture of ener- 
gy dissipation at the crack tip, the shear 
stress at the FC surface turns out to be about 
four to six times that of the HC surface (see 
Fig. 1).  Interestingly, similar ratios of shear 
stresses were observed in the direct measure- 
ment (9) of the interfacial friction of several 
materials against FC and HC ~nono la~ers .  

T h e  ratio q/G in Eq. 4 is the slow re- 
sponse time, ( 2  1 ) of the adhesive, which is 
-2 to 3 s. T h e  value of oc is -10 to 15 (22).  
If we use the  shear stresses ( 1  to 100 kPa) of 
rubber sliders ( 9 ,  10 ,  23) against rigid walls 
as the approxi~nate values of a,, G,, is esti- 
mated to be in the  range of 4 to 400 N/m for 
ti = 100 ~ m l s .  T h e  exoerimentallv ob- 
served peel >or& fall well within this ;ange. 
This kind of uuantitative comnarison, how- 
ever, should not be taken to; far, because 
the  equations for the  viscous energy dissi- 
pation (Eqs. 3 and 4 )  are strictly valid for 
low contact angles (or high a,), that is, Fig. 
3C. Furthermore, our model does not  in- 
clude extensional deformation of the  adhe- 
sive. Nevertheless, this si~nole calculation 
shows that the  local viscous energy dissipa- 
tion at the crack tip can be quite substan- 
tial, and its magnitude decreases as the  ill- 
terfacial slippage increases. 

REFERENCES AND NOTES 

I. A. N. Gent and J. Schultz, J. Adhes. 3, 281 (1972). 
2. E. H. Andrews and A. J. Knoch, Proc. R. Soc. Lon- 

don Ser A 332, 385 (1973); R. J. Good and R. K. 
Gupta, J. Adhes. 26, 13 (1 988). 

3. Both tne hydrocarbon and fluorocarbon monolayers 
were prepared by reacting the silicon wafer to the 
vapor of alkyltrichloros~lanes [CH3(CH,)nSiC13, 9 5 n 
5 151 and fluoroalkyltr~chlorosilane [CF3(CF,),- 
(CH,),SiCI,] accordng to the methods described by 
M. K. Chaudhury and G. M Whitesdes [Langmuir7, 
101 3 (1 991)l. PDMS [CH3CH2CH2CH,(OS~(CH3),),~- 
(CH3),SiH] was chemically grafted to the s~l~con wa- 
fer by reacting its SI-H groups to the surface sianos 
by using a platinum catalyst. Two PDMS polymers 
wlth weight-average molecular weights of 8612 and 
331 87 were used to yield flms of thckness 50 and 
100 A, respectvely. 

4. The suriaces were examined with two iquds, water 
and hexadecane. The advancng (RJ and recedng 
(0,) contact angles were PDMS (water: R, = 108", 0, 
= 106"; hexadecane: R, = 42", R, = 32"), HC (water: 
R, = 1 14" to 1 17", 8, = 108" to 11 2"; hexadecane: 
0, = 44" to 46", 0, = 43" to 45"), and FC (water: 8, = 
11 8". R, = 106"; hexadecane: R, = 81 ", R, = 75"). 
The surface free energy was estmated from the av- 
erage of the advancng and recedng contact angles 
of hexadecane and by using the equation of Good, 
Grfalco, and Fowkes [L. A. Grfalco and R. J. Good, 
J. Phys. Chem. 61, 904 (1957); F. M. Fowkes, Ind. 
Eng. Chem. 56, 40 (1 964)] 

5. K. L. Johnson. K. Kendall, A. D. Roberts, Proc. R. 
Soc. London Ser. A 324, 301 (1 971). 

6. A standard 3M scotch tape (catalog number of 34- 
7032-3525-8) was used as the adhesve material. 

7. K. B. Mlger, H. Hervet. L. Leger, Phys. Rev. Lett. 70. 
287 (1993); K. B. Mlgler, G. Massey, H. Hervet, L. 
Leger, J. Phys. Condens. Matter6, A301 (1 994), and 
references theren. 

8. G. Reiter, A. L. Demlre, J. Peanasky, L. L. Cal, S. 

Granick, J. Chem. Phys. 101, 2606 (1 994); G. Reter, 
A. L. Demirel. S. Granck, Science 263, 1741 (1 994). 

9. B. J. Briscoe and D. C. B. Evans, Proc. R. Soc. 
London Ser. A 380, 389 (1 982); V DePalma and N. 
Tlllman, Langmuir5,868 (1 989); R. M. Overney eta/., 
Nature 359, 133 (1 992). 

10. M. K. Chaudhury and M. J. Owen, Langmuir 9, 29 
(1 993). 

11. H. R. Brown, Science 263, 141 1 (1 994). 
12. The phase states of the monolayer were varled by 

controlling the concentraton of the siane In the va- 
por phase. Details can be found in M. K. Chaudhury 
and M. J. Owen, J. Phys. Chem. 97, 5722 (1 993). 

13. M. D. Thouless and H. M. Jensen, J. Adhes. 38, 185 
(1 992). 

14. J. W. Hutchnson and Z. Suo, Adv. Appl. Mech. 29, 
63 (1 992). 

15. R. J. Fields and M. F. Ashby, Philos. Mag. 33. 33 
(1 976). 

16. Y. Urahama. J. Adhes. 31. 47 (1 989) 
17. A. Zose, ibid. 34, 201 (1 991). 
18. E. P. Chang, ibid., p. 189. 
19. V. E. Dussan and S. Davs, J. Fluid Mech. 65, 71 

(1974). 
20. P. G. de Gennes, Rev. Mod. Phys. 57. 828 (1985). 
21. The response tme of the adhesive was estmated by 

studying the free relaxaton of the Schalamach ridg- 
es [A. Schalamach, Proc. R Soc, London Ser B 66, 
386 (1953)], which were formed by slidlng a rubber 
slder over the adhesive. 

22. T. Ondarcuhu and M. Veysse, J. Phys. Paris 111, 75 
(1 991). 

23. M. Barqulns, Mater. SCI. Eng. 73, 45 (1985). 
24. M.K.C, thanks A. N. Gent for valuable d~scussions. 

We thank Dow Corning Corporation and B M  for 
supporting this work. 

26 April 1995; accepted 27 June 1995 

Direct Evaluation of Electronic Coupling 
Mediated by Hydrogen Bonds: Implications 

for Biological Electron Transfer 
Peter J. F. de Rege, Scott A. Williams,* Michael J. Therien?. 

Three supramolecular bischromophoric systems featuring zinc(ll) and iron(lll) porphyrins 
have been synthesized to evaluate the relative magnitudes of electronic coupling provided 
by hydrogen, u, and T bonds. Laser flash excitation generates the highly reducing singlet 
excited state of the (porphinato)zinc chromophore that can subsequently be electron 
transfer quenched by the (porphinato)iron(lll) chloride moiety. Measurement of the pho- 
toinduced electron transfer rate constants enables a direct comparison of how well these 
three types of chemical interactions facilitate electron tunneling. In contrast to generally 
accepted theory, electronic coupling modulated by a hydrogen-bond interface is greater 
than that provided by an analogous interface composed entirely of carbon-carbon u 
bonds. These results bear considerably on the analysis of through-protein electron trans- 
fer rate data as well as on the power of theory to predict the path traversed by the tunneling 
electron in a biological matrix; moreover, they underscore the cardinal role played by 
hydrogen bonds in biological electron transfer processes. 

Ascertaining how the structural complex- 
ities of proteins and membranes imoact 
long-range donor-acceptor (D-A) interac- 
tions has long been a primary focus for both 
theory and experiment in the field of bio- 
logical electron transfer (ET) (1 ) .  Beratan 
and Onuchic recognized that the  anisotro- - 
pic nature of the protein medium likely 
gave rise to significant variations in how 
well distinct regimes of polypeptide second- 
ary and tertiary structure effected the prop- 
agation of a tunneling electron wave func- 
tion 12). These theoretical studies led to the ~, 

development of algorithms to estimate the 
magnitude of electronic coupling between 
redox sites in a biological matrix as well as 
predict the pathway traversed by the tun- 
neling electron (3). This "pathway model" 
for biological electron transport relies o n  
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the  premise that covalent bonds, hydrogen 
(H)  bonds, and van der Waals contacts 
between atoms all modulate electronic cou- 
pling differently; hence, the extent of the  
decay of the  tunneling electron wave func- 
tion ( that  is, the  electronic coupling be- 
tween D and A) deoends criticallv o n  the , L 

number of each of these chemical'interac- 
tions that defines a physical ET  pathway 
connecting D to A. 

Since the  first through-protein ET ex- 
periments demonstrating that the pathway 
model correctly predicted a specific 
H-bonding interaction to be critical in  es- 
tablishing long-range D-A electronic cou- 
pling ( 4 ) ,  this method of theoretical analy- 
sis has provided ( i )  insight into the nature 
of the groups of atoms that comprise the 
important ET pathways in biological sys- 
tems and (ii)  a basis for rationalizing the 
magnitude of exoerimental ET  rate con- - 
stants for redox reactions involving the cy- 
tochrolnes (5), azurin (6), catalase ( 7 ) ,  pro- 
tein-protein complexes (a) ,  the photosyn- 
thetic reaction center (9 ) ,  as well as peptide 
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