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Measuring the Spring Constant of a Single Polymer Chain

H. Jensenius and G. Zocchi

Center for Chaos and Turbulence Studies, Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen &, Denmark
(Received 8 July 1997

We present a measurement of the mechanical properties of single polystyrene molecules of size
R = 50 nm. Using a micromechanical technique, we show directly that the polymer chain behaves
like a spring, and we measure the spring constant. We examine both cross-linked and non-cross-linked
polystyrene. The former forms a stiffer spring, and the value of the spring constant is in agreement with
theory, while in the latter case the measured value is larger than expected. [S0031-9007(97)04848-5]

PACS numbers: 61.41.+e

The center of mass of a molecule is solution performs gresent a direct measurement of the spring constaof
random walk. But can the intramolecular degrees of freea single polystyrene coil of sizé = 50 nm.
dom also realize a random walk? A long, flexible polymer Our technique is mechanical, and works as follows.
molecule does just that, with some complications. TheA micron size sphere in water is tethered to a solid
walk is self-avoiding, which means that interactions be-surface (glass plate) by a polymer chain. The sphere,
tween monomers far apart along the chain are importanthus, performs a confined Brownian motion. The potential
this gives rise to an excluded volume per monomer whiclwhich confines the sphere is determined by measuring the
depends on the quality of the solvent, and so on. The staprobability distribution of the excursions of the sphere
ics of polymer conformation is, therefore, far from trivial, away from its average distance from the plate. We find
but many important results can be established in terms dhat the potential is a parabola, so the molecule linking
simple scaling arguments [1]. The dynamics is more diffi-the sphere to the surface behaves like a spring, and we
cult, and the mechanism of such effects as the drag reducan measure the spring constant.
tion caused by polymers in solution is still being debated While particles tethered to surfaces by polymer chains
[2]. Experimentally, a direct way to probe the relaxationhave been studied before [10—12], the length of the tether
modes of polymer chains is in principle provided by dy-was in those cases 1 to 2 orders of magnitude larger; here
namic light scattering, which measures a time dependente probe the mechanical properties at the usual molecular
correlation function. Such experiments are, however, nascale of nanometers. We now describe our measurements.
easy to perform in the dilute regime (noninteracting coils) A dilute suspension of polystyrene spheres (diameter
because the signals involved are weak, and they also ré® wm) is placed in a cell made from a microscope slide
quire very long polymer chains. As a result, the informa-and cover slip separated #0 um thick spacers. The
tion available on the dynamics is limited, and one oftenspheres settle close to the bottom plate, where they per-
relies on more indirect methods, based on the rheologiform a vertical Brownian motion. The average separation
cal properties [3—5]. Another situation which is studiedfrom the plate is given by the balance between the re-
intensively is that of polymers attached to a surfacepulsive electrostatic force (both the sphere and the plate
Careful mechanical measurements have been performede negatively charged) and the attractive van der Waals
[6—8] which directly probe the interaction between poly-interaction. Thus, even for a sphere which is not teth-
mer bearing surfaces, and, thus, the conformational propered to the plate, the vertical motion is confined by the
erties of the chains. Recently, an experiment combiningnteraction potential with the plate. The lateral motion
dynamic light scattering with the evanescent wave techis, on the contrary, free Brownian motion. The experi-
nique has yielded information on the dynamics of a poly-ment is based on monitoring and separation between the
mer “brush” [9]. sphere under investigation and the plate in the course of

Some aspects of the dynamics of an isolated chain caime employing a near field optical technique which offers
be discussed in quite simple terms. For instance, if oneubnanometer resolution [13—-15]. A laser beam (20 mW
is interested only in the longest wavelength propertiedHe-Ne laser) is brought to be totally reflected at the glass-
(A ~ R, where R is the size of the coil), then the water interface which is the bottom of the cell; on the
polymer behaves essentially like a (overdamped) springvater side of the interface no light is transmitted, but an
It is characterized by a spring constakitand a friction  evanescent field penetrates into the water. When a sphere
coefficient y, and, thus, by a relaxation time= y/K is present, it scatters some of the light, the scattered inten-
[1]. As mentioned before, direct measurements rof sity being a measure of the distance between the sphere
are feasible but difficult. Alternatively, one can think and the plate, following the relatiol. = ¢~¢/°, wherez
of determiningy and K separately. In this Letter, we is the separation between the sphere and the pléehe
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penetration depth of the evanescent wave, which dependesult shown in Fig. 1 (open circles). To obtain the poten-
on the wavelength of the light, the indices of refraction,tial due to the tether alone, we further subtract the poten-
and the angle of incidence; in our cages= 100 nm. The tial measured in the absence of the tether (squares), and
scattered light is collected by a microscope objective anabtain a parabola (Fig. 1, full circles, and Fig. 3). This
focused onto a photodiode, and the intensity measureid a direct demonstration that a polymer chain acts as a
with a lock-in detection scheme. Time series of the in-spring. We can measure the spring constant, and we do
tensity are stored on a computer for later analysis. so for two different cases: One set of experiments was
Intensities are converted to heights using the above rgerformed with polystyrene spheres for which the poly-
lation for I, and a histogram of the height of the spheremer chains are cross-linked (2% cross-linking). The tether
is computed. The probability distribution of the height, confining these spheres is then also a 2% cross-linked
p(z), is then used to obtain the potential seen by thegpolystyrene coil. In this case, the measurements give a
sphere according tp(z) « e~ *@/¥T where ¢ is the po-  value of the spring constait ~ 1.5 X 107> N/m. Fig-
tential. Figure 1 (squares) shows one such potential, foure 3 shows one of these potentials.
a 10 um sphere in a 5 mM NacCl solution; the experi- A second set of experiments was performed with poly-
mental points agree well with what is expected from thestyrene spheres for which the polymer (and, thus, the
sum of the electrostatic and van der Waals interactionsether confining the sphere) ot cross-linked. We ob-
[Derjaguin-Landau-Verweg-Overbeek (DLVO) potential; served qualitatively the same behavior, but we found val-
dotted curve] [16]. In the course of mapping out suchues of the spring constant 5—10 times smaller. Thus,
potentials, we observed that occasionally the sphere getsoss-linking changes the measured value of the spring
into a different state, where it is confined by a strongerconstant substantially, and for a quantitative understand-
force. In the experiment, this is readily seen from theing of the data, this effect has to be taken into ac-
size of the intensity fluctuations, which are abruptly re-count. In this case (non-cross-linked polystyrene), the
duced. The time series in Fig. 2 displays this transitionmeasured values a& are comprised betweeh x 10~4
It is known that latex spheres may have polystyrene chainand3 X 10~* N/m. Figure 4 shows the potential for a
dangling from the surface [17], and we interpret the stiffernon-cross-linked sphere; the corresponding spring con-
potential confining the sphere as due to one such chain adtant isK =~ 2.9 X 107* N/m (K = 2.4 X 10~* N/m for
sorbing on the plate, thereby connecting the sphere to ithe case shown in Fig. 1). We note that these are soft
This tethering effect is never seen with glass beads, ansbrings: An applied force of 1 pN would cause a 5 nm
working on a molecularly smooth surface (freshly cleavedisplacement, or 10% of the length of the spring. On a
mica) does not change the behavior of the polystyrendifferent surface (mica), we obtain the same values (both
spheres. It is probable that the tether consists of a singl®r cross-linked and non-cross-linked polystyrene).
chain because the event is rare: The spheres tumblesWe now interpret the measurements quantitatively.
around in its thermal motion and only occasionally doesA (noncollapsed) polymer coil is an “entropic” spring:
it get trapped; it may detach again after some time. [fStretching or compressing the coil away from its equilib-
we calculate the potential using the part of the time seriesum size decreases the number of possible conformations
which corresponds to the tethered sphere, we obtain thend, thus, the entropy; the free energy correspondingly in-
creases. A simple calculation shows that the free energy
is quadratic in the change of chain size and that the spring
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FIG. 1. Measured potential for & um polystyrene sphere
(non-cross-linked) in 5 mM NaCl over a glass surface: with-
out tether (squares), with tether (open circles), and subtracting
the former from the latter (full circles). Dotted line: theoretical FIG. 2. Time series of the light scattered by a sphere, showing
DLVO potential (sum of electrostatic and van der Waals inter-an abrupt reduction in the intensity fluctuations when the sphere
actions) for this case. The continuous line is a parabola. gets tethered.
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this formula is writtenE = 3kTc/Np in the context of
polymer gels [1], where is the concentration anifp is
the number of monomers in a blobe = Ng/R}. To

'_Eo compress the coil byAR, one needs to apply a force
£ F = R’EAR/R, i.e., the spring constant of the coil is

o 3kT R

Q

LIC.I K ross-tinked = R_%; R_B .

Compared to the spring constant of a non-cross-linked

L L ! coil of the same siz&, we have:
40 45 50 55 60
Height in nm

Kcross-linked

FIG. 3. The potential for a tethered sphere of cross-linked K
polystyrene. 3 mM NaCl, glass surface.K = 1.5 X . .
1073 N/m. Broken line: DLVO potential; continuous line: 10 estimate the number of cross-linkg, we have to

harmonic potential. know the number of monomers. We use the ideal chain
relation R = aN'/2, where a is the persistence length
(a = 1.5 nm for polystyrene) an@va is the total length

= (R/Rp)* = ng.

constant is of the stretched chain; the number of monomeéis
3KT is, for polystyrene, related t&/ by N,, = 10 N. With
K = R R =~ 50 nm, this givesV =~ 10° andN,, = 10* nm. Two

percent cross-linking meansg = 2/100 X N,, = 200,

whereR is the size of the coilT is the temperature, and and, therefore, Kerosetinkea = 200 X 5 X 10~6 N/m =

k is Bolizmann’s constant [1]. . In the expe”_”gem’” 1073 N/m, which is close to the value we measure
50 nm and the above formula givés ~ 5 X 107° N/m. ;5 5 10=3 N/m). Thus, in the case of the cross-linked

. Let us now F:005|der cross-lm_ked chains; the Overallpolymer, the measured spring constant is in quantitative
slze pf_the chain ik, and _the coil can be though of as agreement with expectations. This also confirms that
consisting ofnp blobs of sizeRp; np is the number of  yhe gpheres are tethered by a single coil. Indeed, this
cross-links in the coil. The blobs are close packed: conclusion is supported by the following facts: (1) The

ng = (R/Rp)’ “tethering” event is rare; (2) measured values Kffor
and each has a spring constant different spheres (of the same kind) are close; (3) the
3kT numerical value found is consistent with a single coil (in
Kp = R—é . the case of 2% cross-linking).

We now consider the measurements on the non-cross-

s linked polystyrene. Here, we find values of the spring
pressure) of such a material is constantk =~ 2.5 X 10~* N/m, i.e., a factor of 50 larger

= 3k_T; than the ideal chain estimat€ = 3k7/R>. This is an

Ré interesting result. It shows that the tether, in this case,
is not an ideal chain. Indeed, we could account for the
measured values &€ by introducing, even in this case,
an “effective” cross-linking (a density of “permanent”
entanglement points) of order 0.5%. This is, however,
speculative.

In conclusion, through a micromechanical experiment
probing nm displacements and pN forces we show directly
that a polymer chain behaves like a spring. In the case
of cross-linked chains, the measured spring constant is
in good agreement with what is expected from theory.
4 For non-cross-linked chains, the measured spring constant
is larger than the value for an ideal chain, possibly due
40 45 50 55 60 65 70 to entanglement effects. Our work demonstrates that the

Height in nm technique which we employ can be successfully applied to

FIG. 4. The potential for a tethered sphere (non-cross-linkeéhe study of the mechanical properties of macromolecules.

polystyrene) is 3 mM NaCl on mica. The length through This \{vork was supported in part by a grant from
the data is a parabola. The corresponding spring constant ¢ Danish Natural Science Research Council (Contract

K =~ 29 X 107* N/m. No. 9400374).

It is easy to show that the elastic const@h{units of

Energy in kgT
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