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ABSTRACT: Polymers with a carbon−carbon (C−C) backbone are an
important class of polymers, which can be regarded as the derivatives of
polyethylene (PE). To investigate the effect of side chains on the single-
chain enthalpic elasticity (SCEE) of polymers with a C−C backbone,
several polymers with pendants or side chains of different lengths and
shapes have been studied by single-molecule AFM. We find that both
length and shape of the side chains count: only the side chains that are
both long and bulky (i.e., bulky dendrons of second or higher generation
as side chains) affect the SCEE. Thus, only rare polymers have special
SCEE. For the vast majority of polymers, the SCEE is identical to that of
PE, which means that the SCEE is determined by the nature of the C−C
backbone. It is expected that this conclusion can also be popularized to all
polymers with various backbones. This study is an important update to
the understanding of polymers at the single-chain level.

■ INTRODUCTION

In general, all linear polymers are composed of backbones and
side chains. Polymers with a carbon−carbon (C−C) backbone
are an important class of polymers, which can be regarded as
the derivatives of polyethylene (PE). It has been long
recognized that the physical properties of bulk polymeric
materials can be adjusted by side chains.1 For instance, the
typical physical properties of polystyrene (PS) are largely
different from those of polypropylene (PP) (see Table S1). At
the single-chain level, it has been reported that polymers with
larger side chains will show a more extended conformation (i.e.,
more rigid).2,3 However, a flexible polymer chain can also be
stretched into an extended conformation by a common fluid
flow,4,5 which actually only exerts a very weak force with a
magnitude of ∼1 pN (see Supporting Information for details).
Recently, studies by the atomic force microscopy (AFM)-

based6−22 single-molecule force spectroscopy (SMFS)23−42

show that at the low force region (F < ∼100 pN) the behavior
of a polymer chain is mainly affected by its entropic elasticity,
while at the high force region (F > ∼300 pN) it is mainly
affected by the enthalpic elasticity (Figure 1). Previous SMFS
studies indicated that the single-chain apparent elasticity of
polymers can be affected by both surrounding environments

and condensed state.29,34,43−46 For example, the single-chain
elasticity of poly(N,N-dimethylacrylamide) (PDMA) and
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Figure 1. A typical F−E curve showing the elastic behavior of a
polymer chain. The low force region (F < ∼100 pN) is mainly affected
by entropic elasticity, the high force region (F > ∼300 pN) is mainly
affected by enthalpic elasticity, and the middle force region (∼100 pN
< F < ∼300 pN) is affected by both enthalpic and entropic elasticity.
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poly(N,N-diethylacrylamide) (PDEA) can be influenced
remarkably by the aqueous solutions (Figure S2).29 Therefore,
to avoid the influence from environments, force measurements
should be completed under an unperturbed state, e.g., in a
vacuum. Taking into account the limits of experimental
conditions, however, it is difficult to carry out the experiment
under vacuum conditions. In general, the interactions between
the nonpolar solvent and the solute molecules are van der
Waals forces, which can be ignored in many cases. This
presumption has been validated by previous SMFS studies.47

Thus, we can choose nonpolar organic solvents to replace the
vacuum conditions.45,48 In a previous SMFS study, we have
found that although the three kinds of polymers (i.e., PS,
polyacrylamide (PAAm), and PDEA) have different side chains,
they show the same single-chain enthalpic elasticity (SCEE),41

which is identical to the theoretical SCEE of PE.25 These results
imply that the effect of the size and polarity of side chains on
the polymer SCEE can be ignored. Considering the limit of
only three kinds of polymer samples with relatively small side
chains used in the prior work, the conclusions should be also
limited. Here in this paper six kinds of polymers with a C−C
backbone having pendants or side chains of various lengths and
shapes (Figure 2) are studied to find a more rigorous principle
for the polymer SCEE (F > ∼300 pN).

■ MATERIALS AND METHODS
Materials and Chemicals. Six kinds of polymers with the same

C−C backbone but side chains of different lengths and shapes are used
in this study, including two kinds of dendronized polymers (PG2 and
PG1), two kinds of brush-like polymers poly(glycidyl methacrylate)
(PGMA) with side chains of different lengths, PGMA-g-PS44 and
PGMA-g-PS105, one jacketed polymer with a short bulky side chain,
poly[2,5-bis(4-carboxylic phenyl)styrene] (PBCPS), and poly(vinyl
stearate) (PVS). The polymers PG1, PG2, PBCPS, PGMA-g-PS44, and
PGMA-g-PS105 are synthesized according to the literature.3,49,50 The
Mn are measured to be 1.98 × 106, 2.4 × 106, 8.63 × 105, 5.88 × 105,
and 8.74 × 106 g/mol, and the molecular weight polydispersity indexes
are 1.88, 2.21, 1.1, 1.1, and 1.1, respectively. PVS (Mw = 9.0 × 104 g/
mol, analytically pure) is purchased from Aldrich. The molecular
structures of these polymers are shown in Figure 2. Deionized (DI)
water (>15 MΩ·cm) is used when water is involved. All other
chemicals are analytically pure and used without further treatment.

Sample Preparation. PG2 and PG1 are dissolved in DI water to a
concentration of 10 and 50 mg/L, respectively. PBCPS, PVS, PGMA-
g-PS44, and PGMA-g-PS105 are dissolved in tetrahydrofuran to a
concentration of 1.0, 1.0, 0.5, and 0.5 mg/mL, respectively. The quartz
slides, which are treated by a hot piranha solution (98% H2SO4 and
35% H2O2, 7:3, v/v) for 30 min, are used as the substrates. (Warning:
piranha solution is extremely oxidizing and should be handled with
extreme care!) To prepare the sample for SMFS, a few drops of the
sample solution are allowed to adsorb onto the clean substrate for ∼1
h. Then, the sample is thoroughly rinsed with the abundant pure

Figure 2. Molecular structures of the polymers with large side chains. PG1 and PG2 are the first- (G1) and second-generation (G2) dendronized
polymers. PBCPS is a jacketed polymer with a short bulky side chain. PVS, PGMA-g-PS44, and PGMA-g-PS105 are the polymers with thin (short or
long) side chains.

Figure 3. Single-chain elasticity of PG2. (a) Typical F−E curves of PG2 obtained in nonane. (b) Normalized F−E curves of those shown in (a).
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solvent to remove the loosely adsorbed molecules, followed by drying
with air flow. After that, the sample is instantly used in the force
measurements. An organic solvent, nonane, is used as the liquid
environment in this study.
Force Measurements. A commercial AFM (NanoWizard II, JPK

Instruments, Germany) is used in the force measurements. All of the
force measurements are carried out at room temperature (RT, ∼23
°C). Prior to the force measurements, the spring constant of each
AFM cantilever (MCLT model, Bruker Corp., CA) is tested by
employing the thermal excitation method (from 35 to 55 pN/nm).
The stretching velocity is 2.0 μm/s if not mentioned otherwise. The
details of the AFM instrumentation can be found in refs 13, 43, and 51.

■ RESULTS AND DISCUSSION

PG2, which is the second-generation dendronized polymer, is
studied first due to the most bulky pendants among the samples
(Figure 2). The typical F−E curves of PG2 obtained in a
nonpolar solvent, nonane, are shown in Figure 3a. In each F−E
curve, the force rises monotonically with elongation of the
chain until the breakage of the molecular bridge between the tip
and substrate, where the force descends to the noise level of the
apparatus rapidly. On account of the polydisperse characteristic
of the polymers and the stochastic position where the AFM tip
picks, the apparent contour lengths of the elongated chains vary
(Figure 3a). To compare the F−E curves of different contour
lengths, the F−E curves are normalized by their extension at a
given force, e.g., 500 pN (see Figure 3b). The normalized F−E
curves of PG2 can be superposed well in the entire force region,
indicating that the F−E curves present the single-chain
elasticity of PG2.47

The F−E curves of PG2 with different pulling speeds (0.2−
10 μm/s) are also obtained. After normalization, there are no
evident differences among them (see Figure S3). This result
indicates that the time scale of the movement of the segments
in the chain is much shorter than that in the force
measurements, suggesting that the force measurements are
carried out under the quasi-equilibrium condition.24,45

It is well-known that the behaviors at the single-chain level of
many macromolecules can be roughly described by several
physical models, e.g., the freely rotating chain (FRC) model,
the worm-like chain (WLC) model, and the freely jointed chain
(FJC) model.25,42,52 In particular, the modified forms of these
models can describe the single-chain elastic behavior of many
polymers semiquantitatively even if they are only uncompli-
cated approximations.24−26,52 Recent reports showed that the
experimental single-chain F−E curves of polymers with a C−C
backbone can be described well by the FRC model.24,41,52

Considering that the bond angles and bond lengths are
increased upon elongation, quantum-chemical (QM) calcu-
lations are used to obtain the theoretical SCEE of the
polymers.25 By integrating the QM results into the FRC
model, the QM-FRC model is obtained (see Supporting
Information for details).41 The QM-FRC model of PE can fit
the F−E curves of the polymers with a C−C backbone (e.g.,
PS; see Figure S4) well while lb (the length of the rotating unit)
is 0.154 nm, which is identical to the length of a C−C bond.41

This result indicates that the influences on the polymer SCEE
from the side chain of these polymers (PS, PAAm, and
PDEAm) are similar to the H atoms of PE, which can be
ignored. We try to use the same QM-FRC model to describe
the single-chain elasticity of PG2 because the polymer PG2 has
the same backbone to PE. A QM-FRC fitting curve is generated
and plotted together with the F−E curve of PG2 (see Figure 4).

As shown in Figure 4, however, it is surprising that there is a
marked deviation between the QM-FRC fitting curve of PE
(which can fit the F−E curve of PS perfectly; see Figure S4)
and the F−E curve of PG2, especially in the high force region
(F > 300 pN), where the F−E curve is apparently steeper than
the fitting curve. This result indicates that the SCEE of PG2 is
strongly influenced by its bulky dendron pendants. That is to
say, the effect of the G2 side chain on the polymer SCEE
cannot be ignored in this case. Previous studies by AFM
imaging showed that the large side chains (i.e., the bulky
dendrons of second or higher generation) would make the
main chain rather stiff.2,50 The possible reason may be that the
polymer chain will be extended by the steric force from the
dendron side chain even if there is no external force. Recently,
Schlüter et al. have found that the main chain will be cut into
short fragments during the process of synthesis of higher-
generation dendronized polymers (PG5), which may be
induced by Coulombic forces, shear forces, and steric forces.53

However, for the neutral polymer PG2 (Figure 2) in nonpolar
solvents, the Coulombic forces can be ignored.53,54 The shear
forces mainly originate from the stirring of the solution, which
is not applied in the current study. Therefore, the SCEE of PG2
is mainly influenced by the steric forces from the pendants.54

Note that in the QM calculations for PE, H atoms (the
smallest one among all groups) are set as the side chains.
However, the size of the G2 side chain is much bigger than that
of the H atom. Thus, we think that the discrepancy between the
fitting curve and F−E curve in Figure 4 should originate from
the QM calculations. For the polymer PG2, the elastic moduli
may be influenced by the bulky side chain. Thus, the elastic
moduli (γ1, γ2, and γ3; see Supporting Information for details)
obtained from the QM calculations of PE may not be suitable
for PG2. Thus, it is reasonable that the F−E curve of PG2 is not
described well by QM-FRC model of PE in the high force
region. To obtain the correct fitting result, the elastic moduli
should be calculated by the QM calculations with the real
structure of PG2. However, because of the limit of the
computing capacity at present (which is usually used to
calculate the molecules with tens of atoms), it is difficult
because there are more than 200 atoms in each repeating unit
of PG2.50 Meanwhile, the steric force from the large side chains
exists only in the molecules under very crowded conditions, i.e.,
in a polymer chain. Thus, the steric force from the large side
chain will not exist in the expected QM result with only one
repeating unit. As a result, the QM calculations of PG2, which
must consider the steric force from the huge side chain, would
be impractical at present. However, it is expected that we can
obtain a new set of elastic moduli for PG2 through the way of

Figure 4. Typical F−E curves of PG2 obtained in nonane (solid curve)
and the QM-FRC fitting curve of PE with lb = 0.154 nm (dotted line).
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modifying the values of γ1, γ2, and γ3 on the basis of lb = 0.154
nm for a C−C backbone polymer. To achieve a minimum
difference between the F−E curve of PG2 and the fitting curve,
we adjust the γ values over and over again. One of the optimal
solutions is obtained, through which a good fitting curve for
PG2 can be generated (see Supporting Information for details).
This artificial fitting method is practical since accurate QM
calculations are difficult for PG2 at present. The large difference
between the γ values for PG2 and PE further illustrates that the
SCEE of PG2 is influenced greatly by its huge side chain.
Since the huge G2 side chain is an extreme case and there is a

tremendous gap between the sizes of G2 and H atom, a series
of polymers with side chains of different lengths and shapes are
needed to observe the side-chain effects. Four other kinds of
polymers (i.e., PVS, PBCPS, PGMA-g-PS44, and PGMA-g-
PS105; see Figure 2) have been studied further in this study.
PVS is a polymer that has an alkane side chain (−C17H35).
PBCPS is a jacketed polymer with a short bulky side chain.49

PGMA-g-PS44 and PGMA-g-PS105 with long thin side chains are
brush-like polymers.50 It is helpful to note that there is a
characteristics, i.e., the large side chains, shared by all these
polymers, especially PGMA-g-PS44 and PGMA-g-PS105.
The typical F−E curves and those after normalization of PVS

obtained in nonane are shown in Figures S5a and S5b,
respectively. To obtain the optimum value of lb for the F−E
curve, a detailed analysis of the force deviation between the F−
E curve and the QM-FRC fitting curve is carried out (Figures
S5c and S5d). Statistical analysis shows that the values of lb of
all the F−E curves of PVS follow a narrow distribution (Figure
S5e). We find that the F−E curve of PVS can be fitted well by
the QM-FRC model of PE with the optimum value of lb
(0.1525 nm, see Figure S5b). This result indicates that the side
chains of PVS cannot influence the polymer SCEE. The
possible reason may be that the side chain of PVS is not long
enough. Thus, we investigate the polymers PGMA-g-PS44 and
PGMA-g-PS105, which have much longer side chains. However,
the F−E curves of them can also be described well by the QM-
FRC model of PE (Figures S6 and S7), which means that the
polymer SCEE cannot be influenced by the side chains of these
polymers. Considering that the length of the side chains of
these two brush-like polymers (PGMA-g-PS44 and PGMA-g-
PS105) are already very long, we can conclude that the polymer
SCEE will not be influenced by the thin side chains, no matter
if they are short or long.
According to the above results, we speculate that the polymer

SCEE may be influenced by a bulky side chain. Thus, PBCPS,
which has a bulky side chain, is investigated here. However, we
find that the polymer SCEE cannot be influenced by the side
chain of PBCPS (Figure S8). The possible reason may be that
the side chain of PBCPS is bulky but not long enough to
influence the polymer SCEE.
To compare the SCEE of these four kinds of polymers, the

normalized F−E curves are plotted together (see Figure 5). The
superposition of the normalized F−E curves indicates that these
four kinds of polymers share the same SCEE. This result is
further confirmed by the very close value of lb for each of the
polymer samples (see Figure S9 for details). These results
imply that the steric forces of the side chain of these polymers
are not big enough to influence their SCEE. It is possible that
there are some conformations which will avoid the steric effect
of the side chains.
However, the stiffening effects from the side chains have

been observed by the traditional measurements for many

polymers,55−58 i.e., small-angle X-ray scattering (SAXS), small-
angle neutron scattering (SANS),59−61 and AFM imaging.54,62

The physical properties of the bulk polymeric materials, such as
melting temperature (Tm) and tensile strength, will be
influenced remarkably by the sizes of the side chains.1 For
example, the typical physical properties of PP and PS are largely
different (see Table S1). The marked difference between them
indicates that the physical properties of the polymer change
remarkably when the methyl groups of the polymer are
substituted by the phenyl groups. At the single-chain level, the
stiffening effects from the side chain have been found by
SAXS.54 In the traditional measurements, the conformation of
the polymer chain will be influenced by a minute change of the
side chain. A flexible polymer chain could be extended by a
weak force from a common fluid flow (∼1 pN; see Figure S1).
However, in AFM force measurements, the noise signal is ∼10
pN, which is much larger than the forces in the traditional
measurements. Therefore, it is reasonable that the influence of
the side chains cannot be observed by SMFS if the steric forces
from the side chains are smaller than the noise signal.
From Figure 2, one can observe that there is a marked gap

between the side chains of PBCPS and PG2, though both of
them are bulky. Therefore, another polymer, PG1 (Figure 2),
which also has a dendron side chain (the size of G1 side chain
is about one-half of that of G2), is investigated in this study.
Interestingly, the typical F−E curve of PG1 obtained in nonane
can be fitted well by the QM-FRC model of PE (lb = 0.154;
Figure 6 and Figure S10). This result indicates that the effect of
the side chains of PG1 on SCEE can be ignored, too. However,
one should keep in mind that the G1 side chain is more bulky
than that of vast majority of polymers. Thus, investigation of

Figure 5. Normalized F−E curves of four kinds of different polymers,
including PVS (pink), PGMA-g-PS44 (green), PGMA-g-PS105 (red),
and PBCPS (blue). All the experimental F−E curves can be fitted well
by the QM-FRC model of PE (lb = 0.154, dotted line).

Figure 6. Typical F−E curves of PG1 (solid curve) obtained in nonane
and the QM-FRC fitting curve of PE (lb = 0.154, dotted line).
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additional kinds of polymers with a C−C backbone one by one
will be unnecessary.
To compare the polymer SCEE of these two kinds of

dendronized polymers, the typical F−E curves of PG1 and PG2
are plotted together and normalized to the same extension,
showing a marked difference between them in the high force
region (Figure 7, F > 300 pN). A comparison of the structures

of PG1 and PG2 (Figure 2) shows that the differences between
the side chains of them are already very small (only one
generation). The G1 side chain is also bulky, but not long
enough. Therefore, it is possible that the G1 side chain is the
upper limit of the side chain which cannot influence the SCEE
of the polymers with a C−C backbone. In other words, if the
size of the side chains of the polymer is smaller than (or similar
to) G1, the influence of the side chains at the single-chain level
will not be observed by SMFS. Considering the size of G1, we
believe that for vast majority of polymers with a C−C backbone
the SCEE is determined by the nature of the backbone.

■ CONCLUSIONS
In this paper, we have studied the effect of side chains on the
single-chain enthalpic elasticity (SCEE) of a macromolecule.
Six kinds of polymers with side chains of different lengths and
shapes are investigated by SMFS in the nonpolar solvent, where
the van der Waals interactions between solvent molecules and
polymer chain can be ignored. We find that both length and
shape of the side chains count: The polymer SCEE will be
influenced remarkably only when the side chains are both long
and bulky. Thus, only rare polymers have special SCEE, for
instance, the second- or higher-generation dendronized
polymers. For vast majority of polymers, the effect of the side
chains cannot be observed by SMFS, and the SCEE is
determined by the nature of the backbone. As a result, the
SCEE of most polymers with a C−C backbone is identical to
that of PE. The backbone determined SCEE is called the
inherent elasticity. It is expected that this conclusion can also be
popularized to all polymers with various backbones. This study
is an important update to the understanding of polymers at the
single-chain level.
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