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scale that depends on the shear rate. The 
autocorrelatioil functioil nlay also be plotted 
against a di~llensionless time, namely the 
amount of strain j T  (Fig. 6C). When plotted 
this way, one sees that the defamation re- 
inains coi~elated for higher strains at higher 
JVi. Larger changes in confoinlation occur at 
higher IVi, and more strain is apparently re- 
quired to produce these changes. Empirically, 
the data for all IVz may be approximately, but 
not exactly, collapsed by plotting the autocor- 
relation versus 3Tl(lVi)2 '. 

We have presented experimental data on 
the conformational dyna~llics of individual 
polymer nlolecules in steady shear flow. Pos- 
sible improvements in the technique include 
better spatial and temporal resolution and 
specific labeling of portions of the polymer. 
The ability to clearly distinguish the ends of 
the chain should allow the tumbling dynam- 
ics to be studied in greater detail. In future 
studies, it is expected that these types of 
ineasure~llents may be extended to time-de- 
pendent (transient) flows and to the study of 
semi-dilute and entangled polymer solutions. 
Such experiments, in conj~inction with the 
developineilt of accurate ~llolecular models, 
should reveal many details of the molecular 
processes that underlie non-Newtonian rheo- 
logical effects. This approach should be use- 
ful for rigorously testing polyiner physics 
~llodels and lay the foundation for a complete 
microscopic understanding of the rheology of 
polymer solutions. 
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The rupture force of single covalent bonds under an external load was measured 
with an atomic force microscope (AFM). Single polysaccharide molecules were 
covalently anchored between a surface and an AFM tip and then stretched until 
they became detached. By using different surface chemistries for the attach- 
ment, it was found that the silicon-carbon bond ruptured at 2.0 i 0.3 nano- 
newtons, whereas the sulfur-gold anchor ruptured at 1.4 5 0.3 nanonewtons 
at force-loading rates of 10 nanonewtons per second. Bond rupture probability 
calculations that were based on density functional theory corroborate the 
measured values. 

The mechanical stability of covalent bonds 
has been investigated indirectly in ensemble 
ineasuremeilts or by flow-induced chain frac- 
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ture in liquids (I). The development of 
llanoscale manipulation techniques (2) has 
made it possible to directly address single 
atoms or illolecules and probe their mechan- 
ical propeities. It has been shown that indi- 
vidual polymers inay be stretched bemeen 
the tip of an AFM cantilever and a substrate 
surface (3-12). In these studies, polymers 
were coupled either by specific receptor li- 
gand systems, which were covaleiltly at- 
tached to the polymers (a), or by iloilspecific 
adsoiytioil to the tip and the substrate (3, 
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10-12'). Force-extension curves that were re- 
corded during stretching and relaxatioil re- 
vealed a wealth of finge~yrintlike features, 
such as confoi~national trailsitioils or super- 
molecular rearrangements (3, 6, 8-12), In our 
study, we used these well-known fingelprints 
to identify individual ~nolecules that were 
covalently attached to both the tip and the 
substrate. We stretched the molecules until 
one of the covalent bonds in series i-uphlred 
(Fig. 1). By analyzing the bond i-upture, we 
were able to identify the bond that failed. 

Upon stretching, polysaccharides such 
as dextral1 or amylose undergo a pro- 
nounced transition during ~vhich the sugar 
rings switch into a more extended arrange- 
ment (3, 8, 12). With amylose, this results 
in a characteristic plateau at 275 pN \vith an 
extension of 0.5 A per ring unit [Fig. 2A 
and (12)]. The transition is fully reversible 
on the time scale of the experiment and thus 
does not depend on the rate at \vhich the 
force is increased. Thus, this transition can 
be used as a molecular strain gauge that can 
be built into an experiment to report the 
force that is acting on any point of the 
~nolecular bridge. We used this transition to 
identify those experiments in tvhich only a 
single polymer is attached between the tip 
and the substrate. If two or more polymers 
are stretched siinultaneously, the plateau 
forces add up and either shift the plateau to 
higher forces or smear it out. Both cases 
can easily be distinguished from the plateau 
of a single polysaccharide (13). 

In the first set of our experiments, carbo- 
diimide chemistiy (14) was used to introduce 
a sy~nmetric covalent attachment of ainylose 
between the substrate and the tip (Fig. 1B). 
Both silicon oxide surfaces had been func- 
tionalized with amino groups beforehand 
(1.5). The activated amylose was first coupled 
to the substrate surface. Then, the tip was 
slowly brought into contact with the surface, 
allowing the polymer to bind to the tip (16). 
In -30% of the cases, an individual polymer 

A B - Covalent anchor / oooo Amylose polysacchar~de 

was attached. In the other cases, either mul- 
tiple bonds or no bonds occui~ed. The tip and 
the substrate were gradually separated while 
the force was recorded (Fig. 2). The plateau 
was analyzed by repeatedly stretching and 
relaxing the polyiner through the confonna- 
tioil transition. After coilfirmiilg that a single 
molecule was bound, the force was gradually 
increased until the molecular bridge ruptured. 

The mpture of these single-molecule 
bridges occui~ed in inultiple ireversible steps 
(Fig. 2B). As shown in the enlarged section 
of the curve in Fig. 2B, several peaks at 
variable but discrete spacing (Fig. 3A) pre- 
cede the final rupture event, after which the 
force drops to zero. Because only a single 
polymer is stretched and the molecular 
bridge between the tip and the substrate 
remains intact after the individual rupture 
events, these inultiple bond ruptures reflect 
the stepwise detachment of the polysaccha- 
ride fro111 the surfaces. Given the inalliler in 
which a polymer interacts with a surface, it 
is to be expected that the polysaccharide is 
bound to the surface in loops and trains 
(1 7).  With increasing force, the bonds of 
the loops to the surface thus break one by 
one, \vhereas the poly~ner backbone stays 
intact (see Fig. 1A). After each detachment, 
the force drops abruptly because the previ- 
ously unstretched section can take up the 
slack and thus increase the length of the 
stretched polymer bridge (18). A quantita- 
tive analysis of the bond rupture force is 
given in Fig. 3B. At the given force-loading 
rates of 10 nN.!s, the histogram peaks at a 
value of 2.0 i 0.3 nN (19). 

This finding that it is the attachment that 
ruptures and not the polynler backbone in- 
dicates that the measured bond rupture 
must be attributed to either of the bonds 
that are part of the attachment and not part 
of the polysaccharide. In Fig. lB ,  the sche- 
matics of the chemistry of the attachinent 
are depicted. Four bonds are uilique to the 
attachment: Si-0, Si-C, C-C, and C-N 

bonds. The C-0 bond is fouild in the at- 
tachment and in the ainylose backbone. At 
first, it was difficult to decide ~vhich of 
these four different bonds was breaking in 
our experiment. We ruled out the rupture of 
the Si-0 bond because three of these bonds 
hold in parallel at the surface. As a first 
approximation, we correlated the strength 
of a covalent bond with the ratio of the 
dissociatioil energy and the bond length. 
Considering the enthalpy for dissociatioil 
and the bond length (20), we decided that 
the Si-C bond was the most likely candi- 
date for rupture in our experiment. 

This hypothesis was confir~ned by a the- 
oretical in~~estigation of the rupture forces 
for the different kinds of covalent bonds in 
the system. One-dimensional potential 
functions for the covalent bonds of interest 
were derived froin high-level density func- 
tional calculations of small   nod el mole- 

Covalently attached d , L  

\ / 

/ Extension (nm) 
\ P 

Fig. 2. (A) Force versus extenslon curve of 
P o amylose covalently bound between an AFM t lp  
3, and a s~l icon oxide surface The indentat~on 

KNH2 force was kept below 0 3 n N  for each approach 
The control force versus extension was mea- 
sured wi thout  treatment o f  the amylose w ~ t h  
EDC or NHS (B) Measured force versus exten- 
slon curve o f  amylose s h o w ~ n g  mult iple rup- 

Gold 
tures In the h~gh-force reglme The enlarged 
curve sectlon of the h~gh-force reglme shows 
m u l t ~ p l e  small-step ruptures lead~ng t o  elonga- 
tlons (Ax) of the  amylose polymer Al l  the 

Fig. 1. (A) Stretch~ng o f  a single polysacchar~de chain that  IS covalently attached t o  the AFM t ~ p  and ruptures observed In the force versus extenslon 
the  substrate (B) Schematics o f  the  covalent attachment of the amylose by ca rbod~ lm~de curves were plotted 11- t he  h~stogram shown In 
chem~stry t o  glass o r  Au surfaces, which were both funct~onal~zed w l th  amlno groups. Fig. 30 
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cules, from which one-dimensional Morse 
potentials were extracted. Adapting the 
method outliiled in (ZI), temperature- and 
force-ramp-dependent bond rupture proba- 
bility densities were calculated (Fig. 4). 
Theory corroborates our estimate that Si-C 
is the weakest of all the bonds in questioi~. 
The absolute values for the calculated bond 
rupture forces are slightly higher than the 
experimental values. This difference may 
reflect solvent effects that were not consid- 
ered in our calculations. These theoretical 
values, as well as the experiinental results, 
coinpare well to the value obtained by a 
resistailce test on a small polyiner specimeil 
[3 nN (I)] or by a flow-induced fracture of 
single polymer chains [2.5 to 13.4 nN (I)].  

\Ve coinpared the bond strength of the 
Si-C bond to the strength of the attachment 
of the polyiner through S to Au (Fig. 3C). 
The experimental setup and the protocol were 
identical to the previous experiments, except 
that the substrate was an evaporated Au sur- 
face, which was activated with an aminothiol. 
The attachment to the tip was unaltered. As 
seen in Fig. 3D, this replacemeilt resulted in a 
reductioil of the bond rupture force to values 
of 1.4 2 0.3 nN. In control experiments: 
where the polysaccharide was chemically 
coupled to the Au substrate but not to the tip. 
the same nonspecific attachment forces of 
0.8 = 0.2 nN were measured as in the silicon 
oxide control experiments (Fig. 3, C and E). 
Because the nonspecific interaction between 
the tip and the polysaccharide was probed in 
both cases: this agreement was to be expect- 
ed. This value is also consistent with previ- 
ously ineasured values on comparable surfac- 
es (8 ) .  

Fig. 3. (A) Histogram ,-, 
of  the length gain 
after the events were 

In the syinnlehfc silicon oxide experiment, 
the measured iupture force could be clearly 
attributed to the Si-C bond, whereas the S-Au 
rupture experiments leave room for speculation. 
Whether this measured value of 1.4 nN repre- 
sents the rupture of the AL-S bond or the 
extraction of the S-bonded ALI atoms from the 
ineta1 surface remains unclear. 

Although chemical coinpounds play a 
doininant role in material sciences, the 

Fig. 4. Bond rupture prob- 
ability densities were de- 
rived in three steps of the- 
oretical modeling. First, 
high-level density func- 
tional calculations (25) of 
small rnodel molecules in 
the gas phase were used t o  
derive potential functions 
that accounted for the de- 
formations and hybridiza- 
tions caused by the appli- 
cation of force. Pulling on 
the terminating H atoms 
(for example, H,SiCH2- 
CH,) was simulated by a 

forces that chemical bonds can withstand 
could previously not be directly measured 
in experiments. The experiments reported 
here demonstrated that the individual 
chemical bonds can be probed in mechan- 
ical experiments. An important feature of 
such experiments is the inechanical activa- 
tion of chemical bonds (here in the simplest 
form as bond ruptme), which can now be 
studied on an individual basis. 

so-ialled "relaxed potential Rupture force (nN) 
energy surface scan." Start- 
ing from a fully optimized geometry, a series of constrained geometry optimizations was performed in which 
the distance r(H-H) was elongated in steps of 0.1 A. The energy of the otherwise relaxed molecule was 
calculated, which yielded a potential for the deformation of the model molecule. The force that corresponds 
t o  a certain elongation is the gradient of the potential. For kinetic modeling, the quantum mechanically 
calculated potential was fitted by a Morse potential (20) V = D,{1 - exp[-b(r - re)])2, where De is the bond 
dissociation energy, b is chosen so that V has the same maximum slope as the calculated potential, and re 
is the equilibrium distance. In the kinetic rnodel, the rupture rate constant n(F) was calculated as a function 
of the applied force. Under force, V is deformed t o  the effective potential V,, = V -  F(r - re) (inset), which 
in turn yields the parameters for the Arrhenius rate constant law n(F) = A exp(-EAlkT), where A is the 
Arrhenius A factor, EA is the activation energy, k is the Boltzmann constant, and T is temperature (21). This 
rate function n(F) was numerically convoluted with a typical experimental load of 10 nN/s, resulting in the 
bond rupture probability density as a function of force. Results are shown for the model molecules of 
H3SiCH2CH3, H,SiOCH,, H3CCH,CH3, H3COCH3, and H3CNHCH3. The Si-C bond in H3SiCH2CH3 comes 
closest t o  the experimental values of rupture force. 

C 
Control 

measured in the force 
3 0  3 3 

versus extension cunles 3 0  V) - 
showing multiple rup- Y 3 2 0  2 0  

tures for amylose, 5 2 0  s 
which was covalently 6 1 0  1 0  

attached t o  the sili- , 

con oxide surface and o  o 1 
the t ip. Polymer elon- A, 4 

gations were mea- 5 i o  1 5  2 0  25  30 Rupture force (nN) 
sured w i th  an error of 
2 2  A. (B) Histogram Loop length (nm) 

of rupture forces 
measured for amylose covalently attached t o  the  silicon oxide surface and 

D Au.S-amylose~SiOx Control 
the tip. The rupture forces measured for mult iple rupture events were also 
considered in  the  histogram. (C)  The control experiments, where no EDC or 
NHS was added, revealed tha t  the  attachment through nonspecific interac- 
t ion of polymer ruptures a t  substantially lower forces. These values are in  40 

good agreement w i th  the  ones reported for coupling experiments based on $ 3 0  
noncovalent attachments (3, 70). (D) Histogram of rupture forces measured 0 ,, 
for amylose, which was covalently attached t o  the Au surface and the t ip  
(multiple rupture events are included). For this experiment, the activated 
amylose was bound t o  Au by an aminothiol. The same chemistry as that  in  0 I 
the symmetric silicon oxide experiment was used t o  cross-link the molecule 
t o  the AFM tip. (E) For the control experiments, no EDC or NHS was added. Rupture force (nN) 
The nonspecific adhesion forces are comparable t o  those in  Fig. 3C. 
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19. There are segeral posslble contributions t o  the width 
of the distribution One source is the Intrinsic prob- 

abil i ty distr ibution for  bond rupture. Different an- 
gles a t  which the  bonds are loaded may c o n t r b u t e  
t o  the  broadening o f  t he  recorded histogram as 
well. The rupture force is expected t o  depend on 
the  loading rate as recently demonstrated for  t he  
biotin-streptavidin pair (22). T h s  effect was no t  
considered here. 

20 Enthalpy of dissociation (in kilojoules per mole) and 
bond length ( in picometers), respectively, are given 
for  the fol lovi ing covalent bonds: Si-C, 318 and 185; 
Si-0.452 and 166: C-C, 346 and 154: C-0, 356 and 
143; and C-N, 305 and 147 [ J .  E. Huheey, Anorga- 
nische Chemie (Wal ter  de Cruyter, Berlin, ed. 3)]. 

21. E. Evans and K. Ritchie, Biophys, J .  72, 1541 (1997) 

22. R Merkel, P. Nassoy, A, Leung, K. Ritchie, E. Evans, 
Nature 397, 21 (1999) 

23. A. D. Becke, 1. Chem. Phys. 1993, 5648 (1993). 
24. Gaussian 94, Revison D.4, M, J. Frisch et a/. [Caus- 

sian, Pittsburgh, PA (1995)l. 
25. Computations were done w i th  the B3LYP (23) density 

functional method in conjunction w i th  the D95(d) 
basis set as implemented in the Gaussian 9 4  (24) 
program package on a DEC Alpha 500 workstation. 

26. This work was supported by the Deutsche For- 
schungsgemeinschaft and the Natural Sciences and 
Engineering Research Council of Canada. 

23 December 1998; accepted 5 February 1999 

Adaptation of Bulk Constitutive 
Equations to insoluble 

Manolayer Collapse a t  the 
Air-Water Interface 

8 .  Patrick ~arnpf , '  Curtis W. Frank,'* Eva E. M a l r n ~ t r o r n , ~  
Craig 8. Hawker2* 

A constitutive equation based on stress-strain models of bulk solids was adapt- 
ed to relate the surface pressure, compression rate, and temperature of an 
insoluble monolayer of monodendrons during collapse at the air-water inter- 
face. A power law relation between compression rate and surface pressure and 
an Arrhenius temperature dependence of the steady-state creep rate were 
observed in data from compression rate and creep experiments in the collapse 
region. These relations were combined into a single constitutive equation to 
calculate the temperature dependence of the collapse pressure with a maximum 
error of 5 percent for temperatures ranging from 10" to 2S°C. 

Changing the dimensionality of a system can 
alter its physical properties. For example, 
many thin polymer filnls have a glass transi- 
tion temperature that is muc11 101%-er t l~an that 
of the bullt tnaterial ( I ) ,  and tn.0-dimensional 
(2D) melting may occur through a filndamen- 
tally different mechanism than the nlelting of 
bullt solids (2 ) .  Despite the inherent differ- 
ences between 2D and 3D systems, concepts 
de~eloped for bullc materials can often be 
extended to descrlbe 2D assemblies. Specif- 
ically, the study of nlonolayer rheology has 
demonstrated the applicability of co~ltinuuln 
co~lcepts to pseudo-2D systems (3-5).  In ad- 
d~tion. inl-estigators have studied the re- 
sponse of Langlnulr films to \-arious forms of 
defornlation and have obserl.ed elastic (6). 
\.iscous ( 7 ) ,  and viscoelastic ( 8 )  behavior that 
1s analogous to the defornlation response of 
bullt materials. 14:e explored the applicablllty 
of phenomenological ~nodels developed fiom 
the mechanical bella\iior of bullt solids to the 
dynamic response of pseudo-2D monolayers 
at the air-water interface. 
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Surface pressure ~i Yersus area -4 iso- 
thernls of Langmuir films are most often 
thought of as 2D analogs to pressure-~.olurne 
isotherms of bulk materials. and an equilib- 
rium themlodynamic relation betx-een T; and 
.-1 is assunled. Generally speaking, l lo \~ .e~~er .  
T-A isotllem~s reflect dynamic, rate-depen- 
dent measurements. The palts of the T-'4 
isothenn that will be lnost affected by the 
compression rate are those that descr~be 
monolayer beha\.ior w ~ t h  long relaxation 
times. For example, monolayer collapse often 
occurs in the regime where conlpression rate 
becollles an important factor. Several authors 
ha\.e examined the effect of colnpression rate 
and temperature T on the collapse of insolu- 
ble moaolayers. Kato and coworkers (9) have 
sho1~:n that compression rate and 7 alter the 
collapse pressure of fatty acid monola~.ers, 
but they focus mainly on the importance of 
maintaining a constant strain rate rather than 
developing a cons t ih~ t i~~e  equation. Duran 
and con-orlters (10)  have also exanlined the 
effect of co~npression rate and T within the 
monolayer collapse region of liquid-clystal- 
line poly~ners, but nlost of their quantitative 
~ ~ o r l t  concentrates 011 relating these parame- 
ters to the stress relaxation times. By splitting 
~i into equilibriunl and dynamic components. 
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