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ABSTRACT: Radical polymerization from a single initiator molecule in a
microenvironment is a nearly ideal system in which bimolecular termination,
solution concentration, and viscosity changes could be neglected. In this study, we
provide two facile methods of preparing polymers via atom-transfer radical
polymerization (ATRP) under single-initiator conditions: tether initiators on planar
substrates at superlow density through mixed self-assembled monolayers (SAMs)
and encapsulated single initiators in microﬂuidic droplets. The molecular weight
(MW) of the resultant polymers characterized by atomic force microscope-based
single-molecule force spectroscopy (AFM-based SMFS) showed that the singlechain ATRP had an extraordinarily faster chain propagation rate (2 unit/s) on
planar substrates and gave polymers with much higher MWs (105−106 g/mol) than
those obtained from traditional ATRP (103−105 g/mol). The former method
oﬀered a general platform for single-chain polymer synthesis and investigation, and the latter could be ampliﬁed to obtain
abundant single-chain polymers with ultrahigh molecular weight (UHMW) for commercial applications.

■

INTRODUCTION
Beneﬁtting from the continuous emergence of novel synthesis
and characterization strategies, polymers can be imaged,1
synthesized,2,3 tailored,4 assembled,5 and manipulated6 on the
molecular level, which is the key to the generation of
unimolecular devices.7 Single-chain objects were mostly
obtained from ultradilute solutions or synthesized under dilute
conditions,8,9 which needs improvement in controllability and
repeatability. Herein, we provide two facile methods of
preparing single-chain polymers via ATRP under single-initiator
conditions: tether initiators on planar substrates at superlow
density through mixed SAMs and encapsulated single initiators
in microﬂuidic droplets (Scheme 1). Single-initiator conditions
could be considered to be a nearly ideal system in which
bimolecular termination, solution concentration, and viscosity
changes could be neglected. Radical polymerization under the
above two kinds of conditions predictably results in single-chain
polymers with ultrahigh molecular weight. To investigate
single-chain polymers, atomic force microscope-based singlemolecule force spectroscopy (AFM-based SMFS) was used to
characterize the length of each chain in the stretching stage.
The MW converted from chain length showed the single-chain
ATRP conducting on planar substrates and gave polymers with
much higher MWs than those obtained from traditional ATRP
(103−105 g/mol).10,11 The single-chain ATRP conducted in
microﬂuidic droplets resulted in single-chain polymers with
larger dimensions and more narrow distributions. The former
© 2012 American Chemical Society

method gave a general platform for single-polymer-chain
investigation, and the latter could be ampliﬁed to obtain
abundant UHMW polymers using parallel microﬂuidic
devices.12 Our study will be a valuable addition to the polymer
synthesis repertoire.

■

EXPERIMENTAL SECTION

Materials and Sample Preparation. The initiator thiol (ωmercaptoundecyl bromoisobutyrate, I), diluent thoil (1-undecanethiol,
UDT), and Au-coated substrates (80 nm Au with a 5 nm chrome
adhesion layer on quartz, by thermal evaporation in vacuum) were
received from Suzhou Hongrong Biotechnology Co. Ltd. (China) as
gifts. Monomer N-isopropylacrylamide (NIPAM, TCI Corp., Japan)
was recrystallized twice from benzene/hexane (3:2 v/v) and dried in
vacuum before use. All chemicals were analytically pure and used
without further treatment, if not mentioned otherwise. Deionized (DI)
water (>15 MΩ) was used when water was involved.
Methods. Planar substrates of superlow initiator density were
prepared as follows: Au-coated quartz substrates were cleaned with
UV/ozone (ProCleaner, Bioforce Nanosciences, Inc.) for 30 min and
then rinsed with ethanol and dried with N2. Then the substrates were
immersed in a set of mixed thiol solutions in ethanol for 15 h, which
had gradient molar ratios of initiator (χI, χI = MI/[MI + MUDT]) of
10−3, 10−6, 10−9, and 10−12. The total thiol concentration was 1 mM
Received: August 2, 2012
Revised: September 12, 2012
Published: October 8, 2012
14954

dx.doi.org/10.1021/la303129q | Langmuir 2012, 28, 14954−14959

Langmuir

Article

proﬁle from AFM images. Samples used in transmission electron
microscopy (TEM, Tecnai G2 F20 S-Twin) observations were
prestained with OsO4 vapor for 15 min and vacuum dried at 50 °C
for 3 days. Diameter distributions of globules were statistically
analyzed by ImageJ 1.44p (n > 100).
Extension−force curves of the surface-tethered or adsorbed
PNIPAM chains were obtained by using an MFP-3D AFM (Asylum
Research, CA) at room temperature (RT, 23 ± 2 °C). Prior to the
force measurements, the PNIPAM sample was immersed in water.
Then the Au-coated Si3N4 AFM tip (NPG-10, tip radius of 30−60 nm,
Bruker Corp., CA) was set to capture and stretch the PNIPAM chain
from random sites in water at room temperature (3 samples for each
group, 20 sites on one sample, and more than 200 times for each site).
The data was collected at the same time and converted to force−
extension curves. The spring constant of the cantilevers was measured
by a thermoexcitation method and ranged from 40 to 60 pN/nm. The
stretching velocity applied in this study is 1.0 μm/s in automated
mode. The maximum value and distribution of the chain extension
(i.e., the bridging length, Lb) for each group were calculated and
statistically analyzed by using maximum values taken from each testing
site.

Scheme 1. Single-Chain ATRP Realized on a Planar Surface
and in Microdropletsa

a

(a) Single-initiator conditions realized through mixed SAMs from the
superlow initiator density (χI = 10−12) on a Au-coated substrate. (b)
Surface-initiated polymerization gave isolated polymer chains with a
surface density of ∼10−7 chain/nm2. (c) Single-chain ATRP conducted
in microﬂuidic droplets. The initiator concentration was as low as 0.1
fM to make sure that there was one or zero initiator in each droplet.

■

RESULTS AND DISCUSSION
Single-Chain ATRP Conducted on a Surface. Surfaceinitiated ATRP (SI-ATRP) was initially designed to prepare
high-density polymer brushes on solid surfaces for a spectrum
of applications.13−15 We recently demonstrated that ATRP
from substrates with a low initiator density also gave functional
surface layers for biosensor or protein microarrays.16−18 We
reasoned that the single-initiator condition could be created if
we lower the initiator density further. Therefore, we immersed
the Au-coated substrates into a set of mixed thiol solutions that
had gradient ratios of initiator to undecanethiol (χI = MI/[MI +
MUDT]). The resultant mixed SAMs were subjected to ATRP to
generate poly(N-isopropyl-acrylamide) (PNIPAM), which was
selected as the model polymer for its relatively strong
interaction with the Au-coated AFM tip. Tapping-mode AFM
revealed the morphological changes in graft PNIPAM with the
reduction of initiator density under the same ATRP conditions
(Figures 1 and S1−S3). The coverage of PNIPAM on the

for each solution. The resultant binary mixed SAM-coated substrates
were subjected to ATRP to generate poly(N-isopropyl-acrylamide)
(PNIPAM).
The standard ATRP solution was prepared as follows: NIPAM (0.8
g, 7.1 mM) was dissolved in a mixture of methanol (6 mL) and water
(2.46 mL, Milli-Q) and degassed by bubbling with Ar for 30 min.
Solutions of CuCl2 (1.77 mL, 0.04 M), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA, 29.52 μL), and ascorbic acid (ASCA,
1.77 mL, 0.04 M) were added to this solution in sequence. The
mixture was then stirred and bubbled for another 30 min. ATRP was
conducted in a glovebox (oxygen content <0.1 ppm) by adding 2 mL
of the reaction mixture to each substrate individually. After various
durations, polymerization was terminated by removing the substrates
from the reaction solution and immediately placing them in water for
cleaning. Puriﬁcation was accomplished by thoroughly rinsing the
substrates with water and ethanol and ﬁnally drying them in a stream
of N2.
In microﬂuidic synthesis, a 0.1 fM initiator solution was used, and
the concentrations of monomer and catalysts in solution were twice as
much as those in a standard ATRP solution. The initiator solution,
monomer/catalysts solution, and ﬂuorocarbon oil (3M ﬂuorinert FC3283) were all bubbled with Ar for 1 h. The ﬂow rates of the abovementioned solutions were 1, 1, and 8 μL/min, respectively. The
generated droplets were imported into poly(tetraﬂuoroethylene) tubes
with an inner diameter of 300 μm and then remained in the tubes for
12 h to conduct ATRP at RT under an Ar atmosphere. The ﬁnal
volume of the droplets was about 20 nL. As a result, there was one or
zero initiator in each droplet, and the concentrations of monomer and
catalysts in the droplets were the same as in the standard ATRP
system. After polymerization, the droplets were exported and directly
dropped onto copper grids for TEM observation. More droplets were
collected in solution for AFM-SMFS characterization. Cleaned Aucoated substrates were immersed in the solution for 30 min and then
rinsed with ethanol and water before the SMFS experiment. Initiator
solutions (0.1 μM−0.1 mM, nI (number of initiator molecules per
droplet) = 106−1012 per droplet) were also used for comparison, and
the resultant droplets were collected in solutions and further diluted
103-fold before immersion treatment.
Characterization. All of the tapping-mode AFM images of surfacetethered PNIPAM chains were obtained by using a Vecco Dimension
3100 in air at room temperature. A new AFM tip (NSC15/AIBS,
Mikromash, tip radius <10 nm) was used for each test. The diameter
and height of dots were measured by analyzing the cross-sectional

Figure 1. Morphological study of PNIPAM chains grafted from Aucoated substrates with diﬀerent initiator densities. (a−d) Tappingmode AFM images (4 μm × 4 μm scan size, 20 nm height) of
PNIPAM prepared via 4 h of ATRP from substrates with χI = 10−3 (a),
10−6 (b), 10−9 (c), and 10−12 (d). (e) Section proﬁle of the single
PNIPAM chain in image d (indicated by the arrow). The height
diﬀerence helped us to distinguish the single PNIPAM chain from the
substrate. It indicated that single-chain ATRP was achieved at χI =
10−12.
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surface changed from a continuous layer (χI ≥ 10−3) to separate
dots (χI ≤ 10−6) and eventually to a single dot within the
scanned area (χI = 10−12). According to the average distance
(1.7 ± 0.4 μm, Figure S3) between neighboring dots, the chain
growth from these isolated initiators would not interfere with
each other. Therefore, we identiﬁed χI = 10−12 as the singleinitiator condition for single-chain ATRP on Au-coated
substrates. Furthermore, puriﬁcation of the graft single-chain
PNIPAM could be easily realized by thoroughly rinsing.
When AFM-based SMFS was used,19−25 the single polymer
chain could be stretched between the substrate and AFM tip,
and the MW could be calculated from the maximum value of
the chain extension (also named the bridging length, Lb) using
the fully extended chain model with a unit length of 0.25 nm
(Figure S5).26 However, given the randomness of the position
of polymer chains where the tip was picked, most obtained Lb/
MW values were shorter/smaller than the true values.
Therefore, we applied statistical analysis to seek regularities,
especially the trend in MW change as the polymerization
condition was varied, namely, χI, time, monomer concentration
([M]), and catalyst concentration (represented by [Cu2+] and
the initial ratio of [Cu2+] to ASCA was constant at 1:1, Figure
2). For comparison, each time we varied only one or two of the
parameters while maintaing the others at standard conditions:
χI = 10−12, t = 4 h, [M] = 590 mM, and [Cu2+] = 5.9 mM.

density polymer brushes. However, MW estimated from Lb was
smaller (by ∼60%) than that determined by GPC as the
decrease in polymer density from 0.171 to 0.0125 chain/nm2.26
Given the superlow initiator density for SI-ATRP, it is
reasonable to expect a much greater MW for the abovementioned four samples. This set of data (Figure 2a) also
highlighted how dramatically the bimolecular termination
reaction aﬀected the MW distribution. Both theoretical analysis
and experimental observations conﬁrmed that the growing sites
(activated initiators) decreased as ATRP progressed, especially
when the initial initiator density was high.13−15 Such a
reduction was mainly attributed to the bimolecular termination
reaction among the closely packed initiators, which in turn
limited the MW of most surface-grafted polymer chains. As the
bimolecular termination reaction that would lead to the
reduction of initiator density from χI of 10−3 to 10−12 on the
same substrate as ATRP progressed, rare long chains would be
buried in abundant short chains. Thus, long chains that formed
at a relatively higher initiator density were hardly detected.
The degree of polymerization is considered to be determined
by the ratio of monomer to initiator for typical ATRP.
However, things become quite diﬀerent when polymerization is
conducted on the surface. Compared to the total amount of
initiators on substrates, the monomers in SIP solution were
present in great excess. Thus, it was considered that the
monomer concentration has not changed during SIP. If the
reactants diﬀuse fast enough near the surfaces, then all active
chains would grow at the same rate for each group. The
diﬀerences in MW/chain length were found, though the [M]/χI
values were kept constant as shown in Figure 2b. In general, the
polymer chain did not form in a short time because there were
signiﬁcant increases in MW for each group after 4 h of
polymerization. MW diﬀerences among the groups with 4 h of
polymerization were mainly attributed to the monomer
concentration change. The 0.0059/10−12 group still underwent
fast chain propagation although the initiator and monomer
concentrations were 1% and 1/10 000 of the other two groups,
respectively. After 12 h, the MW of the 0.0059/10−12 group was
similar to that of the 5.9/10−10 group. The possible reason for
this could be the prolonged active-site lifetime without
biomolecular termination under single-initiator conditions,
which was named the single-initiator eﬀect.
Second, we investigated the MW of PNIPAM as a function of
time (Figure 3a). For t < 12 h, the MW statistics continued to
rise as the time increased. For t ≥ 12 h, there was no signiﬁcant
diﬀerence in MW. Such a trend was similar to the layer
thickness development of regular SI-ATRP (i.e., from the highdensity initiator layer), which was attributed to the fact that
polymerization was quenched by leaking oxygen after a long
time or because of side reactions.15 Although we observed an
MW increase as the time increased, currently no conclusion
could be drawn on whether single-chain ATRP was living/
controlled. The reversible termination of propagating radicals
with [Cu+]/[Cu2+] indeed worked, but there could be no
equilibrium because there was only one initiator within the
local area.
We also studied the eﬀects of [M] and [Cu2+] on singlechain ATRP. Compared to the total number of initiators on the
substrates (∼2 fmol on a ϕ 12 mm Au-coated substrate
theoretically), the monomers in solution were present in great
excess. It was considered that the monomer concentration was
almost constant throughout the single-chain ATRP. However,
Figure 3b showed that the MW was sensitive to the change in

Figure 2. MW of PNIPAM chains was responsive to χI and [M]. (a)
MW increased as χI decreased from 10−3 to 10−12, and other ATRP
conditions were ﬁxed as the standard conditions. Shifts toward higher
values indicated the increase in PNIPAM chain lengths with the
decrease in χI. (b) MW variations as [M] and time change while [M]/
χI was kept constant. Single-chain polymers with a high MW (∼4 ×
105 g/mol) were still obtained from the 0.0059/10−12 group after 12 h
of polymerization. The data subjected to statistical analysis were the
calculated MWs using maximum values taken from each testing site
(nsample = 3 for each group, nsite = 20 for each sample, and nSMFS ≥ 200
for each site). Histograms and box charts were used to represent the
distribution and maximum value of MW for each group.
Representative values in box charts from left to right were the
minimum (○), median (I), mean (◊), maximum (○), and 5th( ×
)/25th (|-)/75th (-|)/95th (×) percentile, respectively.

We investigated the MW of PNIPAM chains from substrates
with diﬀerent χI values while other ATRP conditions were kept
constant (Figure 2a). As the initiator density decreased from χI
of 10−3 to 10−12, the maximum MW increased from 2.7 × 105
to 9.0 × 105 g/mol (Table S1). Although obtaining the
maximum Lb was a small probability event, this was the closest
value to real MW. A similar trend was also found for the
average values of MW (Table S1, Figure 2a), indicating that
ATRP from the substrate with a lower initiator density resulted
in a higher MW. Brooks et al. reported that the MW estimated
from Lb was comparable to that determined by GPC for high14956
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To process a large number of samples, we applied the
automated SMFS mode. However, in the manual SMFS mode,
we found that the maximum Lb for the χI of the 10−12 group
reached 6 μm (Figure 4), implying that the MW was no less

Figure 4. Representative force−extension curves with Lb larger than 6
μm for a single PNIPAM chain prepared via 4 h of ATRP from a
substrate with χI = 10−12. These curves were obtained from the same
position sequentially at the 144th, 147th, 166th, 194th, and 201st
approaches (pink) and retractions (blue) of the AFM tip. The 201st
curve exhibited a typical single-chain force−extension curve. The
sawtooth curves indicated that the chain had a looplike conformation
with many contact points on the substrate and tip. To extend the chain
as far as possible, the retraction speed of tip was turned down manually
when a chain was captured. In this case, some of the initial forces in
approaching curves did not return to zero (the right ends of red curves
bend upward in the 144th, 147th, and 194th curves), which means that
the captured chain had not yet desorbed completely from the tip in the
last retraction. Thus, the full length of this PNIPAM chain was still
longer than the measured range.

Figure 3. MW of PNIPAM chains as a function of time, [M], and
[Cu2+]. Note that the pink curve serves as the reference, which was a
result of the standard conditions: χI = 10−12, t = 4 h, [M] = 590 mM,
and [Cu2+] = 5900 μM. (a) MW increased as time increased from 0 to
24 h. (b) MW decreased as [M] decreased from 590 to 0.059 mM. (c)
MW decreased as [Cu2+] decreased from 5900 to 0.59 μM. The data
subjected to statistical analysis were the calculated MWs using the
maximum values taken from each testing site (nsample = 3 for each
group, nsite = 20 for each sample, and nSMFS ≥ 200 for each site).
Statistical values are also represented. Shifts toward higher values
indicated an increase in the PNIPAM chain lengths with a decrease in
χI and an increase in T, [M], or [Cu2+].

than 2.6 × 106 g/mol, which is strong evidence for an ultrafast
chain propagation rate for single-chain ATRP. Thus, singlechain ATRP might reveal the essential chain propagation ability
of ATRP and also might highlight the bimolecular termination
reaction in ATRP.
Single-Chain ATRP Conducted in Microﬂuidic Droplets. Before this single-chain ATRP becomes a valuable
addition to the repertoire of polymer synthesis, one needs to
realize the massive production of polymer from single-chain
ATRP because this strategy causes a decrease in polymer
production by 6 orders of magnitude. Here we applied droplet
microﬂuidics to reproduce and amplify single-chain ATRP in
solution.28,29 The initiator used in microﬂuidic synthesis was
the same as that in single-chain ATRP on planar substrates. In
T-junction microﬂuidic synthesis, the initiator solution was
diluted in 0.1 fM to ensure that there was <1 initiator in each
droplet. The concentrations of NIPAM and catalysts in droplets
were the same under the ATRP condition on Au-coated
substrates. The resultant single-chain PNIPAM prepared from
the nI (number of initiator molecules per droplet) = 1
condition exhibited particles with diameters of 8.8 ± 1.5 nm
under TEM (Figure 5d). The dimensions of the particles
signiﬁcantly decreased as nI increased from 106 to 1012 (Figure
5a−c). Although the average diameter diﬀerence between the nI
values of 1 and 106 groups was small, the former exhibited a
more narrow distribution. We assumed that the bimolecular
termination reaction in the nI of the 106 group was weaker than
that in the nI values of 109 and 1012 groups but still heavier than

[M] and fell by a quarter as [M] decreased from 590 mM to 5.9
μM. Because the propagation was considered to continue
during the ﬁrst 4 h of reaction, the MW of the obtained
polymers and the propagation rate should be proportional to
the monomer concentration. We attributed the abnormal
observation to the drawback of SMFS: the longer the chain, the
harder it was to stretch it fully. Compared to varying time,
controlling [M] was a better way to tune the MW of singlechain polymers. Similarly, compared to the total number of
initiators on substrates, [Cu2+] was also present in great excess.
Figure 3c shows the decrease in MW as [Cu2+] decreased from
5.9 mM to 59 μM, whereas there was no signiﬁcant change in
MW as [Cu2+] decreased from 59 to 0.59 μM. Matyjaszewski et
al. previously showed that the ratio between [Cu+] and [Cu2+]
determined the polymerization, not the absolute concentration.27 Although the ratio of [Cu+] to [Cu2+] did not change
too much, the absolute concentration of them decreased. The
durations of both chain propagation and the dormant state
would be prolonged. It could be used to explain the unchanged
MW with respect to catalysts after the ﬁrst fall. This
demonstrated that the reversible reaction still worked, although
single-chain ATRP did not possess ATRP equilibrium. Here we
propose that the possibility of collision was a function of
molecular concentration (i.e., [M], [Cu+], and [Cu2+]).
Detailed mechanistic studies such as varying the kinds of
monomer, the ratio of [Cu+]/[Cu2+], and the solvent
composition are currently under investigation and will be
reported elsewhere.
14957
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Figure 5. Morphological and MW characterization of single-chain PNIPAM prepared by single-chain ATRP in microﬂuidic droplets. (a−d) TEM
images of typical single-chain PNIPAM particles prepared from nI values of 1 (a), 106 (b), 109 (c), and 1012 (d) per droplet conditions by using the
microﬂuidic system. The particles were supported by an ultrathin carbon ﬁlm and stained with OsO4. (e) Diameter distribution of PNIPAM particles
as in images a−d. (f) MW of PNIPAM (a−d) evaluated by AFM-SMFS. Histograms and box charts were used to represent the distribution and
maximum value of MW for each group. Statistical values were represented as those in Figure 2. Short chains of ∼6.5 × 104 g/mol were mainly
attributed to the self-polymerization in solution for 12 h.
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CONCLUSIONS
We realized single-chain ATRP on planar substrates and in
microﬂuidic droplets. AFM-based SMFS revealed that such
single-initiator conditions could lead to ultrafast polymerization
(2 unit/s) and UHMW (105−106 g/mol), which was named
the single-initiator eﬀect. The main reason for this singleinitiator eﬀect is the elimination of bimolecular termination by
the physical isolation of growing sites. It would be interesting to
study the ATRP process for a single initiator over a local area.
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