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ABSTRACT: The zigzag film growth behavior in the layer-by-
layer (LbL) assembly method is a ubiquitous phenomenon for
which the growth mechanism was rarely investigated, especially
for small molecules. To interpret the zigzag increasing manner,
we hypothesized that the desorption kinetics of small
molecules was dominant for the film growth behavior and
demonstrated this hypotheis by introducing the high-gravity
technique into the LbL assembly of a typical polyelectrolyte/
small molecule system of polyethylenimine (PEI) and meso-
tetra(4-carboxyphenyl)porphine (Por). The results showed
that the high-gravity technique remarkably accelerated the
desorption process of Por; the high-gravity LbL assembly provides a good platform to reveal the desorption kinetics of Por,
which is tedious to study in conventional situation. We found that as much as 50 min is required for Por molecules to reach
desorption equilibrium from the substrate to the bulk PEI solution for the conventional dipping method; however, the process
could be accelerated and require only 100 s if a high-gravity field is used. Nonequilibrated desorption at 10 min for normal
dipping and at 30 s for high-gravity-field-assisted assembly both exhibited a zigzag film growth, but after reaching desorption
equilibrium at 100 s under a high-gravity field, film growth began to cycle between assembly and complete disassembly instead of
LbL assembly. For the first time we have proven that the high-gravity technique can also accelerate the desorption process and
demonstrated the desorption-dependent mechanism of small molecules for zigzag film growth behaviors.
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■ INTRODUCTION

Incorporating small molecules such as metal ions, dyes, and
drug molecules into layer-by-layer (LbL) assembled multilayers
is important for various applications in catalysis,1−3 nano-
containers and reactors,4,5 microcapsules,6 drug delivery,7,8

flame-retardants,9 and so on. Currently, there are three
important strategies used to load small molecules into the
multilayer during the LbL process: grafting targeted small
molecules onto polyelectrolytes for subsequent LbL assem-
bly,10−13 direct assembly of small molecules as building blocks
with counter polyelectrolytes,1,14−17 and preassembling small
molecules and polyelectrolytes to form a complex building
block for further LbL assembly.18−20 Compared with the pre-
chemical-grafting method, the latter two methods are better
suited to incorporate small molecules into the multilayer
through noncovalent interactions. However, the noncovalent
interaction always leads to a common phenomenon in which
the film growth displays a zigzag increasing pattern.21−30 The
pattern is visible when observing the LbL assembled multilayer
through UV−visible spectra, especially when small molecules
are directly used as building blocks.1,14−17,30 The zigzag
increasing pattern indicates that when a substrate that has
had its outermost layer modified with small molecules is
immersed into a polyelectrolyte solution, the small molecules

undergo desorption or extraction to some degree.10−20 This
results in a decrease in the absorbance of the multilayer with
polyelectrolyte at the outermost layer versus that of the film
with small molecules at the outermost layer. It is reported in
the literature that the zigzag film increasing can be interpreted
in two ways. For the LbL process involving small molecules,
one hypothesis attributes the reduced amount of small
molecules to the competitive balance between adsorption of
the counter polyelectrolyte onto the substrates and dissolution
of the small molecules into the polyelectrolyte solutions.24−30

For this case, it is concluded that when the polyelectrolyte
reached a saturated adsorption on the substrate, the desorption
of the small molecules also reached equilibrium. For the LbL
assembly of polyelectrolytes, the second hypothesis interprets
the increasing−decreasing zigzag phenomena with a change in
the hydrated water content.22,23,31 However, the mechanism for
the zigzag growing pattern in an LbL assembly that directly uses
small molecules as the building blocks, specifically, the
desorption of small molecules, has rarely been investigated.
For this study, we used a typical polyelectrolyte, polyethyleni-
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mine (PEI), and a small molecule, meso-tetra(4-
carboxyphenyl)porphine (Por), as model building blocks to
construct a multilayer; the Por molecule was reportedly useful
in tuning self-assembly behaviors to achieve unique optical and
catalytic properties.32,33 The film growth behaviors of PEI/Por
multilayers and the desorption of Por in the presence of PEI are
used to investigate the mechanism of their zigzag growing
patterns.
Because the desorption of Por is a time-consuming

procedure, we introduced the well-established process
intensification technique of a high-gravity field34 into the LbL
assembly of the PEI and Por. Although the high-gravity field
has been shown to accelerate the adsorption process in LbL
assembly more than conventional dipping,35−38 this is the first
time it has been demonstrated that the high-gravity technique
can also accelerate the desorption process. We found that as
much time as 50 min is required for Por molecules to reach
desorption equilibrium from the substrate to the bulk PEI
solution for the conventional dipping method; however, the
process could be accelerated and require only 100 s if a high-
gravity field is used. Nonequilibrated desorption both at 10 min
for normal dipping and at 30 s for high-gravity-field-assisted
assembly exhibited a zigzag film growth. However, after
reaching desorption equilibrium at 100 s under a high-gravity
field, the film growth began to cycle between assembly and
complete disassembly. Therefore, we propose the hypothesis
that the zigzag film growth might be attributed to the

incomplete desorption of the small molecules into the
polyelectrolyte solution, therefore not reaching desorption
equilibrium and leading to the decreased absorbance of the
small molecules in the PEI solution and subsequent increased
absorbance by readsorption in the Por solution. When the Por
reaches desorption equilibrium, the absorbance of Por
decreases because of its complete disassembly into the PEI
solution, and readsorption of the Por occurred again after being
exposed to the Por solution again, contributing to an assembly/
disassembly cycle (Scheme 1). Hence, LbL assembly using a
high-gravity field is not only an efficient strategy to accelerate
the tedious LbL process it also provides a platform for
investigating the mechanism for the observed zigzag film
growth, specifically for the LbL assembly of small molecules.

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

supplied: PEI (branched, MW 1800) from Acros Organics; Por from
Sigma-Aldrich; H2SO4 (98%), H2O2 (30%), and ethanol from
Sinopharm Chemical Reagent Beijing Co. (Beijing, China). The
UV−visible spectra were obtained on a Hitachi U-3900H spectropho-
tometer. Atomic force microscopy (AFM) images were obtained on a
Dimension 3100 instrument from Veeco.

The high-gravity machine for LbL assembly was homemade as
illustrated in Scheme S1: the inner diameter of the rotator is 20 mm
and the outer diameter 50 mm. The internal and external widths of the
rotator are 10 mm and 17 mm, respectively. Four slots (14 mm × 12
mm × 1 mm) are set in four directions inside the rotator. The
distributor consists of two pipes (5 mm × 1 mm), with each having a

Scheme 1. Illustration of the Desorption-Dominant Mechanism of Zigzag Film Growth or Cycled Assembly/Disassembly
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hole of 1 mm diameter. The rotator is installed inside the fixed cavity
with a diameter of 100 mm and rotates at the speed of several
hundreds to thousands of revolutions per minute. The polyelectrolyte
solutions are pumped into the cavity using a peristaltic pump (BT100-
2J) from Baoding Longer Precision Pump Co., Ltd.
Pretreatment of Substrates. The quartz substrates or silicon

wafers used in all experiments were cleaned using a piranha solution,
which was a mixed solution of H2SO4 (wt 98%) and H2O2 (wt 30%)
with a volume ratio of 7:3 at room temperature. Afterward, the
substrates or wafers were rinsed with deionized water and dried in a
nitrogen flow. It should be noted that the piranha solution is extremely
corrosive and should be used in a fume hood and handled with acid-
resistant gloves.
Adsorption Kinetics of Por under Conventional Dipping

Assembly. The cleaned quartz substrates were immersed in a PEI
ethanol solution (1 mg/mL) for 30 min to ensure the saturated
adsorption of the polyelectrolyte, followed by rinsing in copious
amounts of ethanol and drying in a nitrogen flow. Then, the substrates
with a layer of PEI were transferred to a Por ethanol solution (0.01
mg/mL). After immersion in the Por solution for a given time interval
ranging from 30 s to 6 min, the substrates were washed with ethanol
and dried in a nitrogen flow, and the adsorbed amount of Por was
detected by UV−visible spectra. For each time interval, three
substrates were used, following identical experimental conditions, to
give an averaged adsorption amount. The correlation of absorbance
versus corresponding adsorption time was plotted to give adsorption
kinetics.
LbL Assembly of PEI and Por by Using Normal Dipping

Method. First, the cleaned quartz substrates were immersed in a PEI
ethanol solution (1 mg/mL) for 30 min as the first layer, rinsed in
ethanol, and dried in a nitrogen flow. Second, the substrates were
deposited in a Por ethanol solution (0.01 mg/mL) for 10 min,
followed by washing with ethanol and drying in N2. Third, the
substrate was alternately immersed in a PEI solution (ethanol, 1 mg/
mL) for 10 min (nonequilibrated desorption) or 50 min (equilibrated

desorption) and a Por solution (ethanol, 0.01 mg/mL) for 10 min,
between which the substrates were rinsed and dried. After deposition
of each single layer of either PEI or Por, the substrates were
characterized with UV−visible spectra.

Adsorption Kinetics of Por under High-Gravity Field. The
cleaned quartz substrates were immersed in a PEI ethanol solution (aq,
1 mg/mL) for 30 min under normal dipping conditions, followed by
washing with ethanol and drying in a nitrogen flow. Subsequently, the
substrates with a layer of PEI were inserted into slots on the rotator of
the high-gravity machine; the Por ethanol solution (0.01 mg/mL) was
continuously pumped through a peristaltic pump into the machine at a
flowing rate of 30 mL/min. The pumped liquid entered the machine
from the inlet, passed through the packing layer around the center axis
of the rotator, and flowed through the substrates, which were fixed
close to the packing layer in the radial direction with their largest
surface vertical to the rotator axis. The immersion time was counted as
the time when the Por solution was pumped in and the rotator reached
a required rotating speed of 2400 rpm. After deposition in Por under a
high-gravity field for a given time interval, the substrates were rinsed
by pumping ethanol into the high-gravity equipment for 1 min and
dried by allowing the machine to continue rotating for 1 min without
anything being pumping in. Afterward, the substrates were removed
from the high-gravity machine and characterized with UV−visible
spectra. The adsorption kinetics of Por onto PEI were determined by
correlating the absorbance with the corresponding adsorption time.

LbL Assembly of PEI and Por under High-Gravity Field. First,
the cleaned quartz substrates were immersed in PEI solution (ethanol,
1 mg/mL) for 30 min as the first layer, rinsed in deionized water, and
dried in nitrogen flow. Second, the substrates were inserted into the
slots of the high-gravity equipment, and Por solution (ethanol, 0.01
mg/mL) was continuously pumped in for 30 s (nonequilibrated
desorption) or 100 s (equilibrated desorption). The substrates were
washed by pumping deionized water into the high-gravity equipment
for 1 min and dried by keeping the machine rotating for 1 min without
anything being pumping in. Third, the PEI solution (ethanol, 1 mg/

Figure 1. (a) Adsorption kinetics of Por deposited on quartz substrate premodified with a layer of PEI. (b) Desorption kinetics of a (PEI/Por)1 layer
when exposed to PEI solution for different time intervals. (c) UV−visible spectra of the zigzag film growth (nonequilibrated desorption) of the
(PEI/Por)n multilayer (n = 1, 2, ..., 8) under dipping method. (d) Correlation of Por absorbance at 425 nm versus each single layer number in (c).
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mL) and Por solution (ethanol, 0.01 mg/mL) were alternately
pumped into the high-gravity machine for 1 min and 30 or 100 s,
respectively, between which the substrates were rinsed and dried. After
deposition of each single layer in either PEI or Por, the substrates were
characterized with UV−visible spectra.

■ RESULTS AND DISCUSSION

Adsorption Kinetics of Por. We demonstrate the above
hypothesis using a model system of PEI (with rich amino
groups) and Por (a small molecule with four carboxylic acid
groups) for LbL assembly driven by hydrogen bonding.
Generally, in LbL assembly, the immersion time for the
building block is determined by the adsorption kinetics, in
which the deposition time was used after reaching saturated
adsorption. The adsorption kinetics of the Por was determined
by immersing the quartz substrate, which was modified with a
layer of PEI, in an ethanol solution of Por (0.01 mg/mL) at
different time intervals using the conventional dipping method.
After immersion at each time interval, a UV−visible spectrum
at 425 nm was used to determine the extent of deposition onto
the Por. The absorbance values for the Por at 425 nm were
correlated with the corresponding immersion time, which
revealed the adsorption kinetics of Por. As shown in Figure 1a,
the adsorption of Por molecules rapidly increased in the first 30
s, then slowed, and reached a constant value after 150 s,
indicating a saturated adsorption of Por. For the Por to reach
saturated adsorption, it was determined that 10 min of

deposition time in the Por solution was necessary for its
subsequent use in the LbL assembly process with PEI.

Zigzag Film Growth of LbL Assembled PEI/Por
Multilayer. The LbL assembly of (PEI/Por)n multilayers (n
refers to the cycled number of the alternate immersion in PEI
and Por) was achieved by alternately immersing the substrates
into a PEI ethanol solution (1 mg/mL) for 20 min and into a
Por ethanol solution (0.01 mg/mL) for 10 min. After each
cycle of dipping, the substrate was rinsed with ethanol, dried in
a nitrogen flow, and characterized using UV−visible spectra.
The stepwise UV−visible curve for each layer of the (PEI/Por)n
multilayer is shown in Figure 1c, and the expected zigzag film
growth is observed. When Por was in the outermost position
for a bilayer, the absorbance versus deposited number of
bilayers showed a regular linear increase, suggesting that an
identical amount of Por was deposited during each cycle
(Figure 1d). However, when PEI was in the outermost position
for the bilayer, the UV−visible absorbance decreased to 63% of
the value of the multilayer when Por was in the outermost
position prior to immersion in the PEI. After subsequent
immersion in the Por solution, the absorbance value again
increased. The absorbance difference between a multilayer with
Por in the outermost position and one with PEI in the
outermost position remained constant, thus contributing to
another linear correlation between the absorbance of (PEI/
Por)n.5 multilayers and the number of half bilayers. For clarity,
the UV−visible spectra for the (PEI/Por)n multilayers (n = 1, 2,
3, ..., 8) were overlaid in Figure 1c, and we observed the

Figure 2. (a) Adsorption kinetics of Por under high-gravity field (red circles) and dipping method (black squares). (b) Desorption kinetics of a
(PEI/Por)1 layer in PEI solution under high-gravity field (red circles) and dipping method (black squares). The insets in panels a and b are
corresponding local magnified curves with a short time interval. (c) UV−visible spectra of the zigzag film growth (nonequilibrated desorption) of the
(PEI/Por)n multilayer (n = 1, 2, ..., 8) under high-gravity field. (d) Correlation of Por absorbance at 425 nm versus each single layer number under
high-gravity field in (c).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b05555
ACS Appl. Mater. Interfaces 2015, 7, 18824−18831

18827

http://dx.doi.org/10.1021/acsami.5b05555


homogeneous increase in the absorbance value for each bilayer,
from which it is inferred that the deposited amount of Por in
each bilayer was identical. This kind of zigzag film growth was
ubiquitous in the field of LbL assembly, especially for an LbL
process containing small molecules. Many studies assumed that
the small molecules were extracted or partially desorbed from
the substrate to the solution, thus resulting in a zigzag growing
film. Generally, it was hypothesized that, during the process
when the substrate was immersed in the polyelectrolyte
solution, the desorption of small molecules from the substrate
to solution should have reached equilibrium, indicating that the
desorption of the small molecules was complete. There is little
research in the literature that explores the desorption kinetics
for the exposure of adsorbed small molecules to polyelectrolyte
solutions.
Desorption Kinetics of Por Exposed to PEI Solution.

To determine whether the desorption of Por has reached
equilibrium, the desorption kinetics of Por in the presence of a
PEI solution are investigated by immersing the substrate with a
(PEI/Por)1 layer into a PEI solution for different time intervals.
Next, the Por content on the substrate is detected using the
UV−visible spectra. From Figure 1b, it is observed that after
exposure to the PEI solution for 10 min, the Por absorbance
decreased to 68% of the original value before immersion in the
PEI solution. Desorption continued with increasing immersion
time in the PEI and reached a constant value after 50 min. On
the basis of the desorption kinetics, the zigzag film growth
could be explained. When the deposition time of the PEI was
<50 min, which is not long enough for Por to reach deposition
equilibrium, the Por absorbance on the substrate after
immersion in the PEI solution might not decrease to its

minimum. However, after readsorption in the subsequent Por
solution, the Por absorbance value should increase again,
therefore resulting in a zigzag absorbance growth pattern of
alternate reduction−increase. If the PEI deposition time
exceeds 50 min to achieve desorption equilibrium, a majority
of the Por molecules could desorb from the substrate into the
PEI solution; therefore, very little of the PEI would be
deposited onto the substrate, leading to a minimal increase in
Por absorbance for subsequent deposits in the Por solution.
The 50 min immersion time for a single layer and 50 min or
longer time for the deposition of each layer is extremely time-
consuming. Therefore, it is difficult to observe the desorption
kinetics of small molecules, and in addition to the time required
to reach desorption equilibrium, LbL assembly becomes a
tedious process.

Adsorption and Desorption Kinetics of Por under
High-Gravity Field. We considered whether an accelerated
high-gravity-field-assisted LbL assembly method would shorten
the required time for equilibrium, thus providing a simple
technique for investigating the zigzag film growth mechanism.
The high-gravity technique is known as an efficient method of
process intensification in chemical engineering34 and is
accomplished by rapid rotation to produce a high acceleration
rate, vigorous turbulent flow, and strong shear stresses to
dramatically enhance mass or heat transfer. To investigate LbL
assembly of PEI/Por under high gravity, first, the adsorption
kinetics of Por in a high-gravity field was studied to determine
the required LbL deposition time. A quartz substrate deposited
with a layer of PEI was fixed onto a high-gravity rotator,
through which the Por solution was continuously pumped for
various time intervals. The adsorption kinetics of Por

Figure 3. (a) UV−visible spectra of PEI/Por multilayer (equilibrated Por desorption) under high-gravity field with desorption time of 100 s. (b)
Correlation of absorbance at 425 nm versus number of each single cycle of PEI/Por in (a). (c) UV−visible spectra of PEI/Por multilayer
(equilibrated Por desorption) under conventional dipping method with desorption time of 50 min. (d) Correlation of Por absorbance at 425 nm
versus each single cycle of PEI/Por in (c).
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absorbance versus deposition time is shown in Figure 2a. It was
observed that the time to reach saturated adsorption was
shortened remarkably from 150 s for the conventional dipping
method to 40 s using a high-gravity field. However, the
saturated adsorption content of the Por was somewhat similar
to that obtained from the conventional dipping method. Hence,
the high-gravity field enhanced the film deposition rate without
disturbing the chemical equilibrium. An approximate 4-fold
increase in the adsorption process was verified by our previous
work.35 The reason for the acceleration effect of the high-
gravity field is that the strong shear stresses and the highly
turbulent flow reduce the thickness of the diffusion layer,
decreasing the resistance to mass transfer and thus promoting
the diffusion and adsorption of Por. To gain a better
understanding of the desorption kinetics that determine zigzag
film growth, it is important to study the desorption kinetics of
Por in a PEI solution while under a high-gravity field.
Therefore, a quartz substrate was prepared with a fixed (PEI/
Por)1 layer in the high-gravity equipment, and a PEI solution
was continuously pumped for a certain time interval. The
absorbance of the Por decreased rapidly within 1 min, and the
desorption equilibrium was reached in 100 s, which was much
faster than that for conventional dipping (50 min). This result
demonstrated that the high-gravity field was effective in
accelerating the desorption process of small molecules in an
LbL assembly by as much as 30-fold. Similarly, we attributed

the rapid desorption of the Por to the thinned boundary layer
that exists when under a high-gravity field, through which the
desorbed Por diffused into solution.

LbL Assembly of Por under Nonequilibrated and
Equilibrated Desorption of Por. Because the high-gravity
field showed remarkable acceleration effects for both Por
adsorption and desorption, we turned our attention to
examining the proposed hypothesis by investigating the LbL
assembly of a PEI/Por multilayer under a high-gravity field for
the nonequilibrated and equilibrated desorption of Por. The
PEI solution (ethanol, 1 mg/mL) and the Por solution
(ethanol, 0.01 mg/mL) were alternately pumped into the
high-gravity machine, and the equipment was continuously
rotated in the presence of the solutions for 1 min and 30 s,
respectively. Between each deposition step, ethanol was
pumped for washing, followed by drying through rotating
while nothing is pumped in. It was found that, prior to reaching
desorption equilibrium after a 30 s deposition time, the film
growth followed a zigzag pattern similar to what is seen in the
LbL assembly process when conventional dipping is used. The
absorbance when PEI was the outermost layer and when Por
was the outermost layer displayed a linear correlation with the
corresponding number of layers. After extending the deposition
time in PEI from 30 to 100 s for the equilibrated desorption of
Por, the Por absorbance versus each single layer exhibited a
cycled assembly/disassembly behavior (Figure 3a,b) instead of

Figure 4. When Por desorption equilibrium was not reached, AFM images of the zigzag growing PEI/Por multilayers fabricated under (a) dipping
method and (b) high-gravity field showed surface roughness values of 2.3 and 1.4 nm, respectively. When desorption of Por reached equilibrium, the
AFM images of films prepared under (c) dipping method and (d) high-gravity field indicate surface roughness values of 1.4 and 0.9 nm, respectively.
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a zigzag growing film. Most of the absorbance values of (PEI/
Por)n.5 remained at approximately the same level, which was
comparable to that of (PEI/Por)1.
The reason for the cycled assembly/disassembly was

attributed to the following facts: when the substrate deposited
with PEI was immersed into the Por solution, Por was absorbed
onto the surface driven by the hydrogen bonding between PEI
and Por. When the adsorption of Por reaches equilibration, the
functional groups on the substrate should transfer from amino
groups on PEI to carboxylic acid groups on Por. This
phenomenon is the basis for the realization that in the
formation of LbL assembled multilayers after each layer, the
functional groups on the surface should be reversed. When the
substrate with one bilayer of PEI/Por is transferred into the PEI
solution, the PEI molecules should deposit onto the substrate
by interacting with the excessive Por molecules, as illustrated in
Scheme 1 (nonequilibrated); simultaneously, excessive PEI
molecules formed a complex with Por molecules to result in the
desorption of Por from the substrate, leading to a drop in Por
absorbance. After reaching desorption equilibrium, the Por
molecules oriented with the conformation that there is no
excessive PEI, as illustrated in Scheme 1 (equilibrated). In this
way, the original excessive Por molecules were thoroughly
desorbed and only one bilayer of PEI/Por remained on the
surface in the cycled immersion in PEI and Por solutions. The
mechanism of LbL assembly being dependent on the
desorption equilibrium also supported LbL assembling
behaviors using the conventional dipping method: once the
desorption time was sufficient to reach equilibrium (50 min),
the LbL assembly also experienced a cycled assembly/
disassembly pattern (Figure 3c,d).
Surface Morphology of the Por Multilayer. To further

confirm the hypothesis of varied film growth caused by either
the equilibrated or nonequilibrated desorption of Por, we
characterized the film morphology through AFM images of the
assembled multilayer for the conventional dipping method and
for a high-gravity field. The zigzag growing PEI/Por multilayer
was prepared for a 10 min deposition time in PEI (i.e., the
desorption time of Por was 10 min for nonequilibrated
desorption). The surface had a relatively smooth morphology
with homogeneous and closely packed aggregates accompanied
by a few large accumulations, leading to a surface roughness of
approximately 2.3 nm (Figure 4a). The surface morphology was
typical for a polyelectrolyte-containing multilayer, on which the
aggregates were entanglements of polymers. For the interval far
less than the time required to reach equilibrium, the multilayer
would grow in a zigzag fashion, contributing to full coverage
and a relatively high surface roughness. When subjected to a
high-gravity field, at 10 s of nonequilibrated Por adsorption, the
zigzag film grew, and the surface of the zigzag growing PEI/Por
multilayer was smoother with a lower surface roughness of 1.4
nm (Figure 4b). Additionally, the surface was more compact
than that fabricated by dipping at a similar Por desorption state.
This result corresponded well with previous results,37 showing
that the strong shear forces produced under a high-gravity field
partially removed the rough aggregates formed on the
substrates at the nanoscale, leading to a smoother and more
compact film. This is because the high-gravity field generated a
highly turbulent flow, which diminished the boundary layer to
the nanoscale; therefore, the formed rough or loosely packed
structures would be destroyed by fluidic impact or shear.
Moreover, the lower roughness of the zigzag growing PEI/Por
multilayer under a high-gravity field supports a lower Por

absorbance under high gravity when compared with that
prepared by the normal dipping method at the same layer
(Figures 1d and 2d). This is because the rough structures might
increase light capture within the structure when characterized
with UV−visible spectra, thus leading to high absorbance
values. When the multilayer was assembled at an equilibrated
Por desorption time of 100 s, the surface roughness decreased
to a minimum of 0.9 nm (Figure 4d). Similarly to the multilayer
fabricated under conventional dipping method (Figure 4c), we
can observe that there are few randomly scattered aggregates,
and the surface appearance is close to a blank substrate. This
phenomenon supports the hypothesis that after desorption
equilibrium is reached, there should be little film growth but
only assembly or disassembly of one PEI/Por bilayer, for which
the film should be thin and sparse. The film morphology in this
situation matched well with the low absorbance of the Por in
UV−visible spectra in Figure 3.

■ CONCLUSION
In summary, we have investigated and interpreted the
mechanism for zigzag film growth during the LbL assembly
of a PEI/Por multilayer by introducing a high-gravity field to
study the adsorption/desorption kinetics of Por. We found that
the zigzag film growth was caused by the nonequilibrated
desorption of Por when the substrate was exposed to PEI.
When the desorption time required to reach equilibrium was
extended, the zigzag film growth disappeared and an alternate
cycled assembly/disassembly pattern took its place. In the
presence of a high-gravity field, the time-consuming Por
desorption process using the conventional dipping LbL process
can be remarkably accelerated by 30-fold, from 50 min to only
100 s, to reach the desorption equilibrium, which provides a
convenient and simple method to investigate zigzag film growth
behaviors.
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