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ABSTRACT: The layer-by-layer (LbL) assembled multilayer
has been widely used as good barrier film or capsule due to the
advantages of its flexible tailoring of film permeability and
compactness. Although many specific systems have been
proposed for film design, developing a versatile strategy to
control film compactness remains a challenge. We introduced
the simple mechanical energy of a high gravity field to the LbL
assembly process to tailor the multilayer permeability through
ad j u s t i n g fi lm compac t n e s s . B y t a k i n g po l y -
(diallyldimethylammonium chloride) (PDDA) and poly{1−
4[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-
1,2-ethanediyl sodium salt} (PAzo) as a model system, we
investigated the LbL assembly process under a high gravity
field. The results showed that the high gravity field introduced effectively accelerated the multilayer deposition process by 20-fold
compared with conventional dipping assembly; the adsorption rate was positively dependent on the rotating speed of the high
gravity equipment and the concentration of the building block solutions. More interestingly, the film compactness of the PDDA/
PAzo multilayer prepared under the high gravity field increased remarkably with the growing rotational speed of the high gravity
equipment, as demonstrated through comparisons of surface morphology, cyclic voltammetry curves, and photoisomerization
kinetics of PDDA/PAzo multilayers fabricated through the conventional dipping method and through LbL assembly under a high
gravity field, respectively. In this way, we have introduced a simple and versatile external form of mechanical energy into the LbL
assembling process to improve film compactness, which should be useful for further applications in controlled ion permeability,
anticorrosion, and drug loading.

KEYWORDS: layer-by-layer assembly, high gravity field, reduction of ion permeability, photoisomerization of Azo group,
acceleration of diffusion process, improvement of film compactness

■ INTRODUCTION

The layer-by-layer (LbL) assembled technique was initiated by
Iler1 and rediscovered by Decher,2,3 and it has gained increasing
attention as a simple and versatile method to fabricate ultrathin
multilayered films at the nanoscale, with a flexible design in film
composites and structures.4,5 For decades, numerous multi-
layers have been well applied in various research fields for
electronics,6 optical films,7 macroscopic supramolecular assem-
bly,8,9 superhydrophobic coatings,10 biointerface,11 drug
delivery,12 self-healing materials,10 and so on.13−17 Among the
many film qualities to be tailored, film permeability is especially
significant for further applications of multilayers in ion
transportation,18,19 water purification,20,21 solvent separa-
tion,22,23 as a gas barrier,24,25 controlled loading and
releasing,26,27 and so on.

Currently, there are several strategies proposed to adjust the
permeability of the multilayers, including selecting specific
multilayers according to their inherent characteristics,28 altering
the deposited number of bilayers to control film thickness and
porosity,29,30 and introducing pH,31 thermal,32 photo,33 or
redox34 responsive groups to change film morphology through
external stimuli. For example, in the first strategy, multilayers
with strong−strong polyelectrolytes demonstrated a relatively
more compact morphology and low permeability than those
composed of weak−weak polyelectrolytes,28 which is useful as a
barrier for anticorrosion applications. In the second strategy,
due to the tailoring property of the LbL assembly process, the
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permeability of multilayers are highly correlated with alternately
deposited cycles.29 In the third strategy, Rubner et al. have used
multilayers with weak polyelectrolytes bearing amino or
carboxylic acid groups and tuned film porosity by taking
advantage of pH responsive swelling−deswelling properties of
the multilayers.31 Vancso and his co-workers has assembled
polycation and polyanion, both bearing ferrocene groups, to be
hollow capsules, which presented redox responsive behaviors of
molecular permeability.34 From the above strategies, we found
that control over the compactness of the multilayer was one of
the key factors to influence film permeability; the multilayer
acted as a good barrier when its permeability was reduced with
growing compact morphology.
Although the above methods allow tailoring of film

permeability, they are usually limited to specific multilayers.
Therefore, it is still a challenge to develop a versatile strategy to
control film compactness because the compactness of nanothin
films is significant to the property of ion permeability.35−38 For
example, Xu et al. interpreted the improved selective ion
permeability of a cation exchange membrane with denser
surface morphology after annealing process.35 Tsukruk’s group
demonstrated the compaction of star polyelectrolytes to form
LbL assembled microcapsule caused photo induced changes in
microcapsule permeability, which could be useful for controlled
loading/unloading.36 Chang et al. reported that LbL assembled
thermoresponsive microcapsules with more compact walls
displayed better selective permeability to desired molecules,
thus showing potential application for encapsulation of targeted
species.37 However, it is essential to be independent of special
systems for the control of film compactness for desired
permeability. Therefore, introducing a versatile mechanical field
could be a simple and general solution to improving film
quality,5,39−42 which should be promising to adjust the film
compactness and for further industrial applications.
The high gravity technique is a well-established industrial

method to enhance mass and heat transfer rate in chemical
engineering processes by providing mechanical energy with
strong shear stress. With high gravity equipment, the solution
could be broken into tiny droplets, threads, and thin films, and
the flowing, distribution, and mixing processes of solutions
could thus be accelerated by 1−3 orders of magnitude
compared with normal conditions (Part 1 of Supporting
Information). We were the first to introduce this industrial
method into a layer-by-layer assembled process for the
construction of multilayers containing polyethylenimine and
zinc oxide nanoparticles.40 By investigating the adsorption
kinetics of the assembled building blocks, we demonstrated that
the time to reach saturated adsorption could be shortened by 5-
fold compared with adsorption under the conventional dipping
process. This result was interpreted by the thinned boundary
layer that hindered the diffusion and deposition of building
blocks in the presence of the high gravity field, which
contributed to accelerated adsorption of building blocks onto
the substrate. Similar phenomena were also observed in the
multilayer formation on nonplanar substrates.41 We further
proved that the high gravity field could be used to influence and
adjust the LbL assembling behavior from exponential to linear
film growth.42 The strong shear force contributed to reducing
surface roughness during the exponential buildup of multilayers
and resulted in a multilayer with compact structures.
We therefore wondered whether we could apply LbL

assembly under a high gravity field to tune multilayer
permeability through adjusting film compactness. To demon-

strate this issue, we investigated the LbL assembly process
u nd e r a h i g h g r a v i t y fi e l d b y t a k i n g p o l y -
(diallyldimethylammonium chloride) (PDDA) and poly{1-
4[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-
ethanediyl sodium salt} (PAzo) as a model system. The results
demonstrated that the high gravity field introduced effectively
accelerated the multilayer deposition process by 20-fold
compared with the conventional dipping assembly; the
adsorption rate was positively dependent on the rotating
speed of the high gravity equipment and the concentration of
the building block solutions. More interestingly, the film
compactness of the PDDA/PAzo multilayer prepared under the
high gravity field increased remarkably with the growing
rotational speed of the high gravity equipment, which was
demonstrated through comparisons of the surface morphology,
cyclic voltammetry curves and photoisomerization kinetics of
PDDA/PAzo multilayers fabricated through the conventional
dipping method and LbL assembly under a high gravity field,
respectively.

■ EXPERIMENTAL SECTION
Materials and Instrument. The following chemicals were used as

supplied: PDDA solution (20 wt% in H2O, Mw 200 000−350 000) and
PAzo were from Aldrich (St. Louis, MO), [Ru(NH3)6]Cl3 from J&K
Scientific Ltd. (Beijing, China), Tris(hydroxymethy)aminomethane
(Tris) from Aladdin (Shanghai, China). H2SO4 (98%), H2O2 (30%),
NaCl, KCl, HCl (37%), and K3[Fe(CN)6] were purchased from
Sinopharm Chemical Reagent Beijing Co. (Beijing, China).

The Tris buffer solution was prepared as follows: 2.42 g of Tris, 5.85
g of NaCl, and 0.372 g of KCl were dissolved in 1000 mL H2O, and
then the solution pH value was adjusted to 7 by HCl. The quartz
substrates and silicon wafers used in all experiments were washed with
piranha solution (a mixed solution of 98% H2SO4 and 30% H2O2 with
a volume ratio of 7:3) and rinsed with deionized water, followed by
drying in a N2 flow.

CAUTION: Piranha solutions are extremely corrosive; therefore, note
that the piranha solutions were used in a fume hood with acid-resistant
gloves.

The high gravity equipment for HG-LbL assembly was homemade
as illustrated in Scheme S1 (SI):40 The inner diameter of the rotator is
20 mm, and the outer diameter is 50 mm. The internal and external
widths of the rotator are 10 and 17 mm, respectively. Four slots (14 ×
12 × 1 mm) are set in four directions inside of the rotator. The
distributor consists of two pipes (5 × 1 mm), each with a hole of 1
mm diameter. The rotator is installed inside the fixed cavity with a
diameter of 100 mm and rotates at a speed of several hundred to
several thousand rotations per minute. The polyelectrolyte solutions
are pumped into the cavity using a peristaltic pump (BT100-2J) from
Baoding Longer Precision Pump Co., Ltd.

The multilayers deposited on quartz substrates were characterized
by UV−visible spectroscopy on a Hitachi U-3900H spectrophotom-
eter. AFM images of multilayers on silicon wafers were obtained on a
Dimension 3100 instrument from Veeco (Plainview, NY). Cyclic
voltammetry (CV) curves were obtained from CHI660E electro-
chemical workstation from Shanghai Chenhua Instruments Limited
(Shanghai, China). UV light at a wavelength of 375 nm with a power
of 3.0 mW/cm2 was from an HTLD-4II UV-LED light source curing
system (Shenzhen, China). Film thickness was measured with an
ellipsometer (SE200BA, Angstrom Sun, Acton, MA).

Adsorption Kinetics of PAzo onto Substrate with PDDA. The
cleaned quartz substrates were immersed in PDDA (aq, 1 mg/mL) for
30 min to modify the surface with PDDA groups, and then the
substrate with PDDA was transferred to the PAzo solution (in Tris
buffer with a pH value of 7, 0.01 mg/mL) for different time intervals.
After each immersion time interval, the substrate absorbed with PAzo
was detected through UV−visible spectra. For each obtained UV−
visible curve, the absorbance at the strongest featured peak was
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correlated with the corresponding immersing time. The adsorption
kinetics was thus plotted. For the adsorption kinetics under the
conventional dipping method, the immersion process in PAzo was
carried out at room temperature in a beaker; for the kinetics under
high gravity, the substrate was inserted into a slot within the high
gravity equipment (Scheme 1) and the PAzo solution was pumped

with a rate of 30 mL/min into the equipment at a rotating speed of
2400 r/min, which was kept with different time interval to determine
the adsorption kinetics.
LbL Assembly of PDDA/PAzo Multilayer under Conven-

tional LbL Assembly Process and High Gravity Field. The LbL
assembly process of PDDA/PAzo was carried out as follows: the
cleaned quartz substrate was pretreated by immersing in PDDA (aq, 1
mg/mL) for 30 min for a good modification of the first layer. The
substrate was then alternately immersed in PAzo (in Tris buffer with a
pH value of 7, 0.01 mg/mL) for 15 min and PDDA (aq, 1 mg/mL) for
10 min each until the desired number of bilayers, n, was achieved,
which was noted as (PDDA/PAzo)n multilayer. After each deposition
in solutions, the substrate was cleaned with copious water and dried in
a nitrogen flow.
For the LbL assembly procedure under high gravity (Scheme 1),

first the cleaned quartz substrates were inserted into the slots of the
high gravity equipment. After the high gravity machine was turned on
and reached the set rotating speed with a constant value (2400 r/min),
the PDDA solution (aq, 1 mg/mL) was pumped in with a
commercially available peristaltic pump (not shown) at a rate of 30
mL/min for 1 min as shown in Scheme 1a. Afterward, the high gravity
equipment was kept rotating without any liquid for 1 min, then the
substrate was cleaned through continually pumping deionized water

into the equipment for 1 min and dried by keeping the equipment
rotating for 1 min without any liquid. Second, the PAzo solution (in
Tris buffer with a pH value of 7, 0.01 mg/mL) was pumped in for 3
min as shown in Scheme 1c, followed by identical washing and drying.
Third, the alternate deposition of PDDA and PAzo was cycled. Note
that the time exposed to high gravity field was calculated after the high
gravity machine was started and reached set rotating speeds, which
only took several seconds. If not specifically noted, the rotating speed
of the high gravity equipment was kept at 2400 r/min, and the
concentrations of PDDA and PAzo for both dipping assembly and
assembly under the high gravity field were kept at 1 and 0.01 mg/mL.

Permeability of PDDA/PAzo Multilayer. Considering the
flexibility when LbL assembly was under high gravity equipment, we
used detachable gold electrodes to deposit multilayers for ion
permeability testing through cyclic voltammetry (CV) mode with an
electrochemical workstation. Both the anion label of K3[Fe(CN)6] and
cation label of [Ru(NH3)6]Cl3 were used as probes. Prior to the
modification and measurements, electrodes were carefully cleaned,
then immersed in an ethanol solution of mercaptoacetic acid (0.1% v/
v) overnight, followed by rinsing with ethanol; in this way, the surfaces
of the electrodes were modified with acid groups, which contributed to
the interactive groups with PDDA when in the LbL assembling
procedure. After the LbL assembly procedure under either conven-
tional dipping process or high gravity field, the gold electrodes were
modified with (PDDA/PAzo)10 multilayers. We used the three-
electrode cell accessory as the container to hold K3[Fe(CN)6] (aq, 1
mM, 0.1 M KCl) or [Ru(NH3)6]Cl3 (aq, 2 mM, 0.1 M KCl) for
solutions, the gold electrodes modified with (PDDA/PAzo)10
multilayer as the working electrode, a platinum electrode as the
counter-electrode and a Ag/AgCl electrode as the reference electrode
for the electrochemical measurements. Under the CV testing mode of
the electrochemical workstation, the scan rate was 0.1 V/s.

Photoisomerization of PDDA/PAzo Multilayer. A monochro-
matic light at a wavelength of 375 nm with an intensity of 3.0 mW/
cm2 was used to induce the photo isomerization of Azo groups: after
being modified with 7 bilayers of PDDA/PAzo multilayer, the quartz
plates were exposed to UV light for different time intervals; after each
time interval, we characterized the isomerization kinetics of PAzo with
UV−visible spectra.

■ RESULTS AND DISCUSSION
To confirm whether a high gravity field would influence the
film quality of a PDDA/PAzo multilayer at the molecular level,
we have investigated the adsorption kinetics of PAzo on the
substrate bearing PDDA coating and the LbL assembling
behaviors of PAzo and PDDA both with and without high
gravity field. We considered the major driving force for the LbL
assembly of PDDA and PAzo was electrostatic interaction
because PDDA was a strong polycation while PAzo presented a
carboxylic acid group in each repeated unit, which should be
fully deprotonated at a pH value of 7 to favor for electrostatic
interaction with PDDA. Under the conventional LbL assembly

Scheme 1. Illustration of LbL Assembly Process of PDDA/
PAzo Multilayer under High Gravity Fielda

a(a) The PDDA solution (red color) was pumped to the high gravity
machine and deposited on the inserted substrates; (b) deionized water
was pumped into the machine to wash excessive adsorption of PDDA;
and (c) PAzo solution (brown color) was pumped into the machine
followed by (d) rinsing. The cycle of a−d was repeated. (e) Structures
and illustration of the used building blocks of PDDA and PAzo.

Figure 1. (a) UV−visible spectrum of PAzo aqueous solution (0.01 mg/mL); (b) adsorption kinetics of PAzo onto quartz substrate with PDDA
under (black □) dipping condition and high gravity field with rotating speed of (red ○) 1800, (blue △) 2400, and (green ▽) 3000 r/min.
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dipping process, the deposition time of PAzo during LbL
assembly with PDDA was determined through its adsorption
kinetics on substrate modified with PDDA through stepwise
characterization of UV−visible spectra to trace the deposited
amount of PAzo after immersing for a certain time interval. The
PAzo solution displayed three-featured absorption (Figure 1a):
a strong peak with the maximum absorbance at around 357 nm,
which was assigned to π−π* transition of trans-azobenzene, an
accompanying small peak at 266 nm attributed to the electronic
transition parallel to the short axis of the trans-azobenzene
molecule, and a relatively weak broad absorption at around 450
nm which indicated the presence of n-π* transition of cis-
azobenzene molecule.43 The absorbance of the maximum
featured peak was used to monitor the amount of PAzo
deposited on the substrate, which was plotted versus the
immersion time. As shown in Figure 1b, the amount of
deposited PAzo grew rapidly at an early stage, and then the rate
of increase gradually slowed and finally reached a constant value
after about 12 min, indicating saturated adsorption of PAzo.
Bearing in mind the possible large fluctuation of adsorbed PAzo
during the period of rapid increase before 12 min, the time for
the deposition of PAzo in the further LbL assembly process
should be determined as 15 min or even longer, which seemed
time-consuming and tedious.
To shorten this procedure, we applied the high gravity field

to the adsorption kinetics of PAzo by exposing the substrate
with PDDA to PAzo solutions with different time interval in the
presence of high gravity field. As shown in Figure 1b, the time
to reach saturated adsorption was shortened to 4 min, 2 min,
and 30 s at rotating speeds of 1800, 2400, and 3000 r/min,
respectively. Meanwhile, the adsorbed saturated values of PAzo
were similar to those deposited under the conventional LbL
assembly process. These phenomena suggested that the high
gravity field was effective in accelerating the adsorption process

of PAzo molecules, which demonstrated a maximum increase of
deposition efficiency as high as 20-fold while retaining a
comparable amount of saturated adsorption; the effects of
acceleration became more remarkable with the strength of the
applied high gravity field indicated by the correlation of
adsorption kinetics and its increasing rotating speed. Due to the
acceleration effects of the high gravity field, even the building
block solution with an extremely low concentration could
realize rapid adsorption onto the substrate and fast LbL
assembly process. In this way, the consumption of building
block solution could be lowered in LbL assembly, which should
be meaningful for the fabrication of multilayers with expensive
and rare species, such as proteins. For conventional adsorption
in solution, the low concentration decreased the driving forces
for adsorption and thus would be time-consuming to reach
saturated adsorption. For conventional dipping LbL assembly,
the time to reach saturated adsorption was 10, 12, and 20 min
from PAzo concentrations of 0.02, 0.01, and 0.005 mg/mL,
respectively (Figure 2). Under the same conditions, the high
gravity shortened the required saturated adsorption time to 1.5,
3, and 4 min, which was about 5−7 times less than under
normal conditions. The mechanism for rapid adsorption in the
presence of a high gravity field was attributed to the thinned
fluidic boundary layer interfering with the diffusion layer, which
reduced fluidic resistance and thus enhanced the adsorption
process at the interface as seen in our previous report.40−42

Although the adsorption kinetics have proven faster in the
high gravity field than under conventional dipping, the LbL
assembling behavior between PDDA and PAzo must still to be
checked for film increasing condition and film quality. For
comparison,we carried out the dipping LbL assembly of PDDA
and PAzo by alternately immersing the quartz substrate in
PDDA (aq, 1 mg/mL) for 10 min and PAzo (aq, 0.01 mg/mL)
for 15 min. The LbL assembly process was monitored by UV−

Figure 2. Adsorption kinetics of PAzo on the substrate with PDDA under (black) conventional dipping or (red) high gravity field conditions for
PAzo solutions at different concentrations of (a) 0.02, (b) 0.01, and (c) 0.005 mg/mL, respectively.

Figure 3. UV−visible spectra of PDDA/PAzo multilayer after deposition of every bilayer for (a) conventional LbL assembly process and (b) LbL
assembly under high gravity field. (c) Linear correlation between the maximum featured peak absorbance of PAzo and the deposited number of
bilayers for multilayers fabricated through (red) conventional LbL assembly dipping method and LbL assembly under high gravity field (black line),
respectively.
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visible spectra after each deposition of PAzo, as summarized in
Figure 3a. With the increasing number of deposited PDDA/
PAzo bilayers, the maximum featured peak increased linearly,
which indicated a constant content of PAzo in every deposited
bilayer; in addition, this maximum peak red-shifted by 13.5 nm
(Part 2 of Supporting Information), which might be caused by
both environmental effect and J-like aggregation of azobenzene
molecules in the multilayer.43 After applying a high gravity field
to the LbL assembly process (Scheme 1), the alternate
deposition of PDDA and PAzo was realized through alternate
pumping solutions of PDDA (aq, 1 mg/mL) for 1 min and
PAzo (aq, 0.01 mg/mL) for 3 min each, which was sufficient to
reach saturated adsorption. Between every deposition, the
substrates fixed within the high gravity equipment were washed
by pumping deionized water three times, each followed by
drying by rotating the equipment without any solutions. The
rotating speed was fixed at 2400 r/min for all experiments if not
otherwise specifically noted. The LbL assembling behavior
demonstrated in Figure 3b was similar to that under the
conventional dipping process, which demonstrated a linear
increase with the deposition of the PDDA/PAzo bilayer, as
summarized in Figure 3c. The maximum featured peak at
around 370 nm red-shifted by 5 nm, caused by the presence of
a J-like aggregation of azobenzene groups.43,44 These
phenomena demonstrated that the similar LbL assembling
behaviors of PDDA/PAzo were almost not influenced by
introducing high gravity field.
As we can see from Figure 3c, the film deposited under a

high gravity field had a much lower absorbance than that under
the conventional dipping method. This could be the result of
either a smaller deposited amount of PAzo in every bilayer or
by a thinner and more compact film fabricated under high
gravity. Since the adsorption kinetics in Figure 1 revealed that
the saturated adsorption of PAzo onto PDDA for one bilayer
was similar under the conventional LbL dipping assembly
process and a high gravity field, we can exclude the possibility
of less deposited PAzo in every bilayer. To check the film
compactness and confirm the second possibility, we inves-
tigated the surface morphology of the (PDDA/PAzo)5
multilayer through AFM images at different concentrations,
both under dipping conditions and a high gravity field. For the
LbL assembly process under conventional dipping, the PDDA/
PAzo multilayer displayed a compact and homogeneous
particle-like surface morphology as shown in Figure 4. The
surface roughness was dependent on the concentration of PAzo
solution and presented a decreasing value from 2.6 nm at 0.02
mg/mL and 2.0 nm at 0.01 mg/mL to 1.6 nm at 0.005 mg/mL,
during which the surface grew smoother and more close-packed
(Figure 4a−c). Under the same corresponding concentration
conditions in the presence of a high gravity field, the surface
roughness of the PDDA/PAzo multilayers dropped to 2.2 nm
at 0.02 mg/mL, 1.7 nm at 0.01 mg/mL and 1.2 nm at 0.005
mg/mL, which were lower than those at the same
corresponding number of bilayer under the conventional
dipping method (Part 3 of Supporting Information). There
were also few observable aggregates on the surface, which
meant smooth and compact film morphology. To figure out the
reason for difference in surface roughness, we have measured
the film thickness with ellipsometer and found that for
(PDDA/PAzo)5 and (PDDA/PAzo)10 multilayers fabricated
under conventional dipping assembly, the film thickness was
18.9 ± 0.2 and 10.2 ± 0.5 nm, respectively; for (PDDA/PAzo)5
and (PDDA/PAzo)10 multilayers prepared through LbL

assembly under high gravity field, the film thickness reduced
to 10.3 ± 1.0 and 4.6 ± 0.1 nm, correspondingly. The reduced
film thickness supported the reduced surface roughness under
high gravity field to some degree. Moreover, the difference in
surface roughness revealed from AFM images matched well
with the absorbance difference of PDDA/PAzo multilayers
fabricated through the conventional LbL dipping assembly
method and LbL assembly under a high gravity field. With
much surface roughness, the rough structures contributed to
the strong scattering and absorption of light irradiation, leading
to thoroughly higher absorbance values of the multilayer
assembled through the dipping method than those of the
multilayer assembled under high gravity in the UV−visible
spectra, as shown in Figure 3c.
Although the film presented homogeneous compactness as

seen from AFM images, we wondered whether it exhibited
lowered ion permeability in the presence of a high gravity field.
The permeability of cation and anion through the as-prepared
PDDA/PAzo multilayer was characterized with CV curves via
the electrochemical probing of negatively charged [Fe(CN)6]

3−

label and positively charged [Ru(NH3)6]
3+, respectively. The

(PDDA/PAzo)10 multilayers were fabricated on pretreated gold
electrode with mercaptoacetic acid groups and tested with CV
methods with an electrochemical workstation. We consider that
the multilayer formation on gold electrode substrate should be
comparable with that on quartz substrate because the LbL
assembly has been generally accepted as a versatile method
independent of substrate quality, shape, and size. Typical CV
curves of bare electrode, and electrode with a PDDA/PAzo
multilayer fabricated through LbL assembly under both
conventional dipping and high gravity field are shown in
Figure 5a for anion label and Figure 5b for cation label. The
closed CV loop of the electrode modified with (PDDA/
PAzo)10 multilayer demonstrated that the redox response for
the [Fe(CN)6]

3− or [Ru(NH3)6]
3+ decreased compared with

that before modification, which indicated that the presence of a
PDDA/PAzo multilayer lowered the permeability of cation or
anion on the electrode. Meanwhile, when introducing a high
gravity field for the LbL deposition of (PDDA/PAzo)10
multilayer, the redox response of the cation or anion probing
declined to a lower level than that for conventional LbL
assembled film, as we could see the decreased area of the CV

Figure 4. AFM images of (PDDA/PAzo)5 multilayer fabricated
through the conventional dipping LbL assembly process at (a) 0.02,
(b) 0.01, and (c) 0.005 mg/mL, and through LbL assembly under high
gravity field at (d) 0.02, (e) 0.01, and (f) 0.005 mg/mL. The displayed
images are 5 × 5 μm scans. The numbers at the right corner of each
AFM are corresponding surface roughness of the displayed AFM
image.
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loop, which suggested the increased compactness of the
multilayer and enhanced ion blocking effects of the multilayer.
These results for ion permeability on multilayers prepared
under the conventional dipping condition or a high gravity field
matched well with the surface morphology and surface
roughness revealed from AFM images.
To further demonstrate the adjusting property of a high

gravity field over the compactness of the LbL assembled
multilayers, we further characterized the cation and anion
permeability of the (PDDA/PAzo)10 multilayer in the presence
of the high gravity field with rotating speeds of 1800, 2400, and
3000 r/min. For the anion permeability in Figure 5c, the area of
the closed loops formed by the CV curves gradually decreased
with the increasing rotational speed of the high gravity
equipment, suggesting reduced ion permeability. For the cation
permeability in Figure 5d, similarly, the redox response of the
(PDDA/PAzo)10 multilayer decreased and resulted in a
lowering area of closed CV loops as the rotating speed grew.
These results support the idea that the high gravity field in the
LbL assembling process was effective in increasing the ion
blocking property of the LbL assembled multilayers through
control over the rotating speed of the equipment.

To understand the increased compactness of the multilayer
after introducing a high gravity field, we compared the kinetics
of the photoinitiated conformation changes of the azobenzene
groups within the PDDA/PAzo multilayers fabricated through
LbL assembly under both conventional dipping and the high
gravity field. Generally, azobenzene groups are known to
exhibit reversible conformation changes between cis-form and
trans-form in response to UV irradiation and visible light,
correspondingly. We therefore detected the photo responsive
conformation changes of (PDDA/PAzo)7 multilayers through
UV−visible spectra after exposing the multilayers to UV light at
a wavelength of 375 nm with an intensity of 3 mW/cm2. Under
dark conditions, there was feature absorption at 372 nm
attributed to π−π stacking interactions of trans-azobenzene;
after exposure to UV light for a certain period, this featured
peak gradually declined. The decrease in absorbance at 372 nm
was traced to characterize transformation kinetics of the above
conformation changes; the absorbance values versus the time
exposed to UV light were plotted in Figure 6. For the PDDA/
PAzo multilayer fabricated through conventional LbL assembly
process (Figure 6a,c), the absorbance underwent a rapid drop
in the early 20 min, a slow decrease in the later 50 min, and

Figure 5. CV curves of (black) bare electrode, (red) electrode with (PDDA/PAzo)10 multilayer fabricated through conventional dipping LbL
assembly, and (blue) LbL assembly under high gravity field in the presence of (a) K3[Fe(CN)6] anion label and (b) [Ru(NH3)6]Cl3 cation label. CV
curve electrodes with (PDDA/PAzo)10 multilayer fabricated through LbL under high gravity field with different rotating speeds of (black)1800, (red)
2400, and (blue) 3000 r/min detected with (c) K3[Fe(CN)6] anion label and (d) [Ru(NH3)6]Cl3 cation label.

Figure 6. Stepwise UV−visible spectra of (PDDA/PAzo)7 multilayers fabricated under (a) conventional LbL dipping assembly method and (b) high
gravity field after exposure to UV irradiation for certain time intervals; (insets) corresponding local magnification at the maximum featured peak. (c)
Photoisomerization kinetics in (black ■) panel a and (red ●) panel b were compared.
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almost reached a constant after exposure to UV light for a total
70 min. Within the loosely packed multilayers, the azobenzene
groups had sufficient space for rapid transformation and
isomerization from trans-form to cis-form. For the PDDA/PAzo
multilayer prepared under high gravity field, however, the
isomerization kinetics grew longer (Figure 6b,c). The decrease
of absorbance at 380 nm slowed remarkably after almost 20
min, and continued decreasing slightly. Even at 240 min, the
absorbance decrease did not reach a constant value, indicating
that isomerization still slowly continued. This result was caused
by the difficulty of isomerization within a highly limited small
space resulting from compact and closely packed structures of
the PDDA/PAzo multilayer fabricated under the high gravity
field. The remarkable difference in the time to complete the
photoinitiated conformation changes of azobenzene demon-
strated difference in the available space within the two kinds of
multilayers fabricated under dipping and the high gravity field,
further supporting the greatly increased film compactness of the
PDDA/PAzo multilayer after introducing the high gravity field.
The above phenomena corresponded well with the results
obtained from the surface morphology and ion permeability of
the PDDA/PAzo multilayers prepared under conventional
dipping conditions and a high gravity field. To this end, the
involvement of simple mechanical energy in the LbL
assembling process did have an effect in refining multilayer
structures and improving film compactness, which was realized
by the strong shear forces provided by the high gravity field to
strongly orientate the deposited molecules.

■ CONCLUSIONS

To summarize, we have achieved control over film compactness
and ion permeability of LbL assembled multilayers through
introducing a process intensification method of high gravity
field. By taking the PDDA/PAzo multilayer as a model system,
we have demonstrated accelerated effect of high gravity field on
the film formation by the maximum 20-fold and improved film
quality with lower surface roughness, smoother morphology,
and more compact film structures. These results were
supported by AFM images, CV curves, and photoisomerization
kinetics of azobenzene molecules when compared with the
multilayers fabricated under conventional dipping method.
Moreover, the film compactness and ion permeability of the
multilayer could be well tailored through the rotating speed of
the high gravity field, thus providing a simple and versatile
mechanical energy in LbL assembly to adjust film properties of
nanothin multilayers, which could be useful for further
industrialized applications in controlled ion permeability,
anticorrosion, and drug loading.
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