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Dynamic Force Spectroscopy on a Single Polymer Chain
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ABSTRACT: A technique based on atomic force microscopy (AFM) for dynamic measurement of mechanical
properties of a single polymer chain was proposed. AFM cantilever was mechanically oscillated at approximately
10 kHz during stretching process. By this technique, we could quantitatively estimate elongation-dependent changes
of stiffness and viscosity of a single chain itself with using a phenomenological model. The solvent effect on the
viscosity in low extension regions was investigated. It was ensured that the viscosity under 10 kHz perturbation
was attributed to monomessolvent friction. Viscosity quantization corresponding to consecutive detachments

of polymer chains was also observed.

Introduction not only elastic properties but dissipative process at the single
molecular level by means of dynamic force measurement.

There have been several reports on AFM dynamic force
measurement so far, for example, phase imaging in the tapping
mode operatioAl force modulatiori? and magnetic cantilever
modulationt314We have also reported a technique with piezo-

The development of experimental instruments such as optical
tweezers, glass microneedlesand atomic force microscope
(AFM)3 have enabled us to detect the forces acting on single
molecules directly. As for AFM, if each end of a macromolecule
is attached to a tip and a substrate by physisorption or ' " ) . :
chemisorption, we can deform, elongate, and break the moleculeOIrIVe at low frequency? Wh'ch was 0”9"?"?‘"3’ dgveloped n
mechanically and measure the corresponding force. In the paslthe report on poly_mer blend filriSthen ut|||_zed in the study
decade or so, AFM-based mechanical stretching experiments_on a _smgle protein molecul‘é.ln the previous stud§; we
on single biomoleculé$ and synthesized polymeté so-called investigated the phenomena in low dynamic range of frequency
“single molecule force spectroscopy”, have been extensively

region (0.1-100 Hz), and it was suggested that intramolecular
performed by many researchers, and achieved great successd8teraction in a single polymer chain was observed in that
in clarification of the mechanical and structural properties. In

frequency region. In this paper, we adopted another technique
our group, solvent effects on the statistical properties of single

in which a cantilever is oscillated at its resonant frequency
polymer chains were investigated by using this technfge. (around 10 kHz) and the oscillatory amplitude of the tip and
was shown that the second virial coefficient arouddstates

phase shift between driving signal and tip response are
was determined at a single polymer basis, which was almost Measured, and thereby we intend to realize the application of
comparable with a simple Flory’s lattice model.

modulation to a molecule at higher frequencies. The advantage
. . . . of this method is that no special treatment for a cantilever is

_ From a practical standpoint, the viscoelasticity of polymers ocosqary and that we can easily apply modulation to a cantilever

is one of the most important aspects. Therefore, vast array Ofby the use of piezo-element cantilever drive on a cantilever

studies have been carried out on viscoelasticity of bulk polymers, 10.nt This technique was discussed by Anczykowski and co-

polymer melts, and polymer solutions to date. At the single 4 erd from a point of view of the interpretation of phase

molecular level, though the reports mentioned above have beeny,ia in the tapping-mode operation. Its application to the

focused on the elongation characteristics of a single polymer 4y 2 mic force measurement of a single molecule has not ever
chain, little attention have been paid to the dissipative processes qp, reported as far as authors know. By this technique, we

inside a molecule. -I;O, qetec(; such drl]ssmaﬂ.ve' prcz)cesses 8%ould quantitatively estimate elongation-dependent changes of
monometr-monomer friction due to the collision between  giifness and viscosity of a single chain itself with a phenom-

i1 icti 10 . i A N
several cpn?ntuent monomers, monqﬁmlvent frlctl_on, Etc'l’ ) Ienologlcal model. The solvent effects on the viscosity in low
a dé/lnan?)lc or((:je r:nea.surtlament aﬁ,'n macroscopic rneo oglga} extension regions were the main issue of this paper. It was
studies beyond the simple stretching experiment I essential.q g req that the viscosity under 10 kHz perturbation was

Dynamic force measurements have another advantage that it iyyihyted to monomersolvent friction. Viscosity quantization

possible to detect the properties in low extension region, in ¢qrresponding to consecutive detachment of polymer chains was
which polymer chains form random coil and mechanical force ;54 ohserved.
caused by entropic elasticity is too small to detect by simple

stretching experiment. The objective of our study is to elucidate Experimental Section

i To realize the stretching of a single polymer chain by AFM,
* Corresponding author: Telephone:81-3-5734-2135. Fax:-81-5734- each end of the chain was attached to a gold substrate and a gold-

2135. E-mail: knakaji@polymer.titech.ac.jp. P : ; :
T Department of Organic and Polymeric Materials, Graduate School of coated AFM tip via a goldthiol bond. In this experiments, we

Science and Engineering, Tokyo Institute of Technology. us_e(_j SH-termin_ated ponstyrene_(PS) as a sample. It was based on
* Department of Advanced Materials Science, Graduate School of Frontier & living-polymerized COOH-terminated PS with, = 93 800,My,
Science, The University of Tokyo. = 100 400. The polydispersity wad,/M,, = 1.07. The degree of

10.1021/ma060724g CCC: $33.50 © 2006 American Chemical Society

Published on Web 08/01/2006
ublished on We CDV



5922 Watabe et al. Macromolecules, Vol. 39, No. 17, 2006

1077
_J]®@
€
£ o - .-::r:‘..":'{.
’ ; . C
. deflection o /--
A 2 5
E- g : B /
] - . extension D _10d..1
displgeementy = .—¥— © /
- T 15 /
3
S
)
°
2
S
€
®©
; (2}
/ z
0} y .
O o
= / @
O AN 2
e \ £ i
- \ < 954 35 ' 1
0 g 90 i 1)
o : i B U A N A A
- S 85 Sl il g i"if | H |
extension go-1k .
Figure 1. Principle of stretching a polymer chain, a foreextension 0 100 200 300 400
curve. z-piezo displacement (nm)

o . Figure 2. Behaviors of (a) deflection, (b) amplitude, and (c) phase
polymerization was about 900 and thus its contour length was ab_OUtshgi]ft of stretching experirgne?nt. The solid(lir)1es d%scribe the b(e%ffvior of
220 nm. The thiol groups were substituted for the COOH ends using the separating process, and the dashed lines describe that of the
1,10-decane dithiol by means of thiolester bonding. Therefore, the approaching process.
end group became €0)S(CH)10SH. The polyphosphate ester
(PPE) was used as a condensation agfeiitNo dimer formation Results and Discussion
was indicated from the gel permeation chromatography (GPC)
result. Au(111) surfaces on mica substrates were prepared as At the beginning of the experiment, we obtained the resonant
described® The polymer was dissolved in @ solvent, cyclo- frequencyw1/2r = 9.03 kHz and the quality facta® = 25,

hexane, and a good solvent, toluene, apB0OmL, and 10xL of from measurement of resonance curve in liquid environment.
the solution was cast on a Au(111) substrate. After 5 min of Figure 2 shows the typical behavior of deflection, RMS
incubation, the surface was rinsed with pure solvents. amplitude Ams and phase shift9 signals against z-piezo

The AFM (NanoScope IV, Veeco Instruments) used in the displacement if® solvent (cyclohexane, 3&), where the drive
experiments was equipped with a fluid cell for measurements in frequency was fixed at the free oscillation resonaf?ce,03
liquid environment, a lock-in amplifier (LI 5640, NF Co., Japan) k{7 |n the free oscillationAms = 6.0 nm, and§ = 9C".
for the analysis of the detector signal of the AFM, and a heater ., ,9h the tendency of deflection was almost similar to that
accessory for temperature control (BioHeater, Veeco Instruments).Without oscillation. i.e. a forcedistance curve obtained in a

To pick up the SH-modified terminal, a gold-coated cantilever, BL- . . . . i
RC150VB-C1 (Olympus Co. Ltd., Japan), was used. The spring conventloln_al static experiment, there was a critical difference
constant of the cantilever was 0.0296 N/m. The spring constant that a position of contact betvyeen the cantilever and the sybstrate
was calibrated by thermal noise metfbdfter the measurement. ~ Was not clear. The deflection decreased gradually with the
The dynamic force measurement was based on fedtance decrease in tipsample distance and did not have any inflection
curve measurement. The schematics of fordistance curve point. It seemed impossible to detect the contact point from the
measurement were depicted in Figure 1. The fomdension deflection. There were presumably some repulsive forces
curves were obtained directly from foredistance curves using  affecting on the cantilever. However, it was difficult to specify
the relationship that thepiezo displacement was able to be divided the forces because this was a complicated situation, in which
into two quantities, cantilever deflection and polymer extension the expanded polymer chain fixed its one end on the substrate
length. During the forcedistance curve measurement, the cantilever was deformed, and the deflection of the cantilever and the

was oscillated at its resonant frequency-(® kHz, in liquid). decrease in the oscillation amplitude were occurring simulta-
Through measurement, amplitude, frequency, and phase of thepggysly. This phenomenon was not observed from experiments
excitation signal were fixed at constant values. The speegiazo in which the solvent was exchanged to ethanol, poor solvent

scanner movement was kept constant at 200 nm/s. The signals

oscillatory amplitude and phase shift, were measured by a lock-in (data not shown). Thus, this might be an inevitable phenomenon

amplifier; the signal of the cantilever excitation was used as the and be Concerne_d in expanded polymer chain. In Figure 2b,
reference signal. Low-pass filtered deflection was also measuredtnough the amplitude also decreased gradually close to the
simultaneously to determine the mean of stretching force. To contact point, it was able to detect .the point where noise level
examine the solvent effects, the measurement was performed indecreased abruptly. The decrease in noise was also observed at
cyclohexane at temperatures of 30, 35, 40, antiG&nd in toluene the contact point by the experiment regardless of the situation
at a temperature of 3%C. with or without polymer chain adsorption in all the soIvegBV
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including poor solvents. Therefore, we determined this point

- - 4 Zd:Adeiwt
as the contact point and set the displacement as zero. t

As the substrate was separated from the cantilever tip, the k1 cantilever
value of amplitude increased close to that in free oscillation
then dropped again due to the tension of a polymer chain, S [y T, 2 = Aet(wt+6)

whereas the value of phase shift decreased close tdhed

increased again (Figure 2c). The decrease in amplitude and the

increase in phase shift continued until a bond rupture point, k2

where the jump to the free oscillation was observed. If no

molecule was attached to the tip, such behavior was not observed

and the values of amplitude and phase shift were constant atFigure 3. Rheological model applied to this experimental system,

those in free oscillation. Therefore, it was ensured that the which is comprised of two Voigt elements. One is the cantilever and

changes of these values with separation were characteristic oifjh.e other is the polymer molecule. Here a linear response to the input
: . . . . rive signal is assumed for the tip motion.

stretching of a single polymer chain. Incidentally, the behavior

polymer chain

did not show remarkable dependence on the speeeb@zo 1.0
scanner movement in this experimental condition. 0.84(3)
To obtain the information about mechanical properties of a € 06
single polymer chain, we analyzed the data in Figure 2 on the > 04 |
basis of a phenomenological model depicted in Figure 3. 7 02 bt Lt | I
Assuming sinusoidal drive of a cantilever bagft) = Agg®! < oo a1k
with drive amplitudeAy and drive frequency, the deflection ~' 02 | I
of a cantilever as a sinusoidal response can be writte(tjas 04 ' !
Ag@t0) with amplitudeA and phase shiff.'® A cantilever is 50
represented by an effective tip mass together with parallel- (b) I
connected spring and dashpot, which are characterized by mass 40 I
m, spring constark;, and damping coefficienf;, respectively. kS e o
The damping here is due to viscous drag by the surrounding cf‘ 201
medium and intrinsic damping caused by the deflection of the e o HRIRIIM A B IR | |
cantilever beam. A polymer chain is also described as a Voigt ‘:’w
element, which has parallel-connected spriagand dashpot 20 |
12; the mass of a molecule is so small compared with the tip
mass that it is ignored. The two parametiersind, are what 0 100 200 300 400
we are interested in. extension (nm)

Analysis starts from the following equation of motion: Figure 4. Behavior of (a) chain stiffness,, and (b) the viscosity of

. the chainy, against the extension. The valuksandz, were calculated
mAt) + (7, + 17)2(t) + (K + k)z(t) = kizy(t) (1) by egs 3, 4 using the values in Figure 2b,c.

The parameterg; andm are obtained from spring constant of  stretching, as commonly observed in conventional simple

the cantileverk;, resonant frequency, and quality factoiQ stretching experiments on polymers. The average valug of
as follows: in low extension region was 2.86 10~ N/m. To examine the
relevance of the elongation dependence and the value itself, the
kl“/Qz -1 Ky corresponding forceextension curve obtained from Figure 2a
= > M= 0w (2) was used to calculate the elasticity as shown in Figure 5. The
Qu, 1 force—extension curve in Figure 5a gave a nice fit (gray solid

) ) . _line) against wormlike chain (WLC) model as previously
Note that these values are determined in the cantilever tuningrenortect and we obtained the contour length of 271.7 nm and
process; therefore, they are independent of the polymer chainye persistence length of 0.262 ##3:24The entropic elasticity

stretching event. Though detailed cglculation is omitkednd obtained from the initial slope of fitting curve was 8.9310°5
112 can be calculated from the solution of eq 1: N/m, whose order was slightly larger, however, comparable to
A the value ofk,. The elasticity in Figure 5b was calculated as
9 ) ) ; X . .
k, = _{(_mwl2 + ky) COSA + 5,0, SINA} — the gradient of each point averaged over neighboring 11 points
A of Figure 5a. The elasticity represents almost same elongation
(—mw,® + k) (3) dependence witlk; in Figure 4a, i.e., the elasticity possess a

constant value in low extension region and increase abruptly in
high extension region starting from the extension length of about
200 nm. The strange behavior in low extension region50

nm) was possibly due to the fact that the detection of small
where A; is the oscillation amplitude without polymer chain force was difficult. The similar situation is frequently observed

A, .
Ny = Aw—{l(’hwl COSA — (_mwlz + k) sinA} =7, (4)

andA is the difference in phase shift witl@) and without 0,) in simple static stretching experiments. Here comes the advan-
polymer chain A = 6, — 6). Amplitude and phase shift in  tage of dynamic force measurements where the information on
approaching process are regardeddasind 6. elasticity is not directly obtained from the force but from the

The data of amplitude and phase shift in Figure 2b,c were perturbed motion of cantilever. One might put a question about
substituted forA and A in egs 3 and 4, respectively, then the difference in the value of elasticity in Figure 4a and Figure
replotted against the extension of polymer chain in Figure 4a,b. 5b. We do not have any clear answer at this moment, while it
The stiffness of a single chaik, increased abruptly with  would be related to the difficulty in determining quality factebv
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Figure 5. Behavior of (a) external force and (b) elasticity against the 0.0

extension. Curve a is directly obtained from Figure 2a. The gray solid 30 35 40 45
line in part a represents the fitting curve with WLC model. The elasticity temperature (°C)

was estimated by calculating the gradient of curve a.
Figure 6. Solvent dependence of the viscosity constank(agnd (b)
Q. The Q value was experimentally obtained at the free K. Both constants are divided by those@nsolvent for scaling. Open

oscillation condition in the absence of polymer chains. The circle and open square represent results in cyclohexane and toluene,
' respectively. Thex values used for the calculation are 0.48 (&),

change in Q has great influences on th_e determinatiomof 5z (35°C), 0.55 (4C°C), and 0.58 (45C) for cyclohexane and 0.71
andy; and thereforde ands,. Further studies are necessary to (35 °C) for toluene.

elucidate the point.
The viscosity of a chairy, also increased in same manner as assumed the existence of a constéhsatisfying the relation,
ko. This behavior exhibited a striking contrast to the previous
report on low-frequency measurement (6100 Hz)!® In the 7, =K'M? (6)
previous report, the existence of viscosity in the low extension
region due to the monomemonomer friction was indicated. ~ To compute the constank’ from the experimental data,
It looks somewhat strange that viscosity increased though themolecular weightM was calculated from the contour length
chain is stretched and thereby it becomes rigid and rodlike Which was obtained by WLC fitting against foreextension
shaped. Naturally, in the stretched state, the probability of curve, and a constant was determined by reference data.
collision between monomers is much smaller than that in low The solvent dependence of the viscosity constihtand
extension state. Therefore, monomeronomer friction is corresponding reference dakaare shown in Figure 6. The
excluded from the reasons of the viscosity increase observedviscosity constant&’ andK are divided by those i® solvent
in Figure 4b. One speculation is that such viscosity is caused K'g andKy for scaling, respectively. Experimental and reference
by monomet-solvent friction or some hydrodynamic interac- data show good agreement to each other in both solvent
tion. At a glance, there observed almost zero viscosity in the temperature and solvent type by comparing parts a and b of
low extension region, however, viscosity had a certain value in Figure 6. This agreement supports our idea that the viscosity
this region. From Figure 4b, the viscosifyin the region (36- measured here depends on solvent conditions clearly as well as
150 nm) averaged out at 2.62 109 kg/s. It is noted that the  intrinsic viscosity. Taking also into account the viscosity increase
value is the first estimation of viscosity at a single polymer at high extension region, we can conclude that the viscosity
chain basis in low extension region. Since the value was under 10 kHz perturbation is attributed to monomsolvent
obtained for low extension region, it must be compared with friction. We believe that our experimental results, at least in
results of general measurements such as light scattering, osmoti¢he low extension region, does not contradict with the assump-
pressure methods in which the results reflect the averagedtion of free-draining molecul& which is the first approximation
properties from a large amount of polymer chains. To verify Of polymer chains interacting with solvent molecules. However,
the above-mentioned speculation, the solvent dependence of théhe increase in viscosity at higher extension region cannot be
viscosity was compared with that of general measurements. explained by this simple assumption. Further studies with the
A coefficient of the viscosity-molecular weight relationship improved signal-to-noise ratio are necessary to elucidate the

was chosen as the property for comparison point including the comparison with more sophisticated theo-
ries10.27.28\We also have to consider the complex nature of
[17] = KM? (5) hydrodynamic flow between tip and substrat&uch compli-

cated flow might finally cause the changesn value. Thus,
where f7] and M are intrinsic viscosity and molecular weight, our analysis in this time must be treated as the first approxima-
respectivelyK anda are the constants depending on polymer tion. The investigation on molecular weight dependence will
species, solvent qualities or temperatitfrédthough the unit also help to check the validity of our analysis. Such experiments
of [»#] and of 5, are different, we consider the origin of both are now under way.
parameters are same. It is because that both parameters representlt is important to elucidate the meanings of experimental data
the viscosity in infinite dilute polymer solution. Thus, we by the comparison with general measurements. Howevercsl\e/
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Figure 7. Behavior of viscosity concerned with consecutive detach-
ments of two polymer chains.

true advantage of the performed measurement lies on the results
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of Advanced Industrial Science and Technology (AIST), Japan
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ment Organization (NEDO) as one of the projects in the
Nanotechnology Program by the Ministry of Economy, Trade,
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