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An array of quaternary ammonium-functionalized POSS (Q-POSS) compounds were synthesized and
their antimicrobial properties toward the Gram-negative bacterium, Escherichia coli, and the Gram-
positive bacterium, Staphylococcus aureus, determined in aqueous solution. Using Q-POSS compositions
that exhibited broad spectrum antimicrobial activity in solution, the utility of the Q-POSS compounds as
an antimicrobial additive for polysiloxane coatings was determined. The results of the investigation
showed that Q-POSSs possessing a relatively low extent of quaternization and longer alkyl chain lengths
provided the highest antimicrobial activity in solution. For polysiloxane coatings containing Q-POSS
molecules as an antimicrobial additive, coating surface energy, surface morphology, and antimicrobial
properties were found to be strongly dependent on Q-POSS composition. Coatings based on Q-POSSs
possessing the lowest extent of quaternization displayed antimicrobial activity while analogous coatings
produced using Q-POSSs possessing the highest extent of quaternization showed no antimicrobial
activity. The lack of antimicrobial activity exhibited by coatings possessing Q-POSSs with a relatively high
extent of quaternization was attributed to agglomeration of Q-POSS molecules through the formation of
intermolecular interactions involving the quaternary ammonium moieties. Agglomeration would be
expected to reduce diffusivity and inhibit interaction of the Q-POSS molecules with microbial cells.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Silsesquioxanes, which have the general molecular formula
[RSiO1.5]n (n� 4), were first reported in 1946 by Scott [1]. Silses-
quioxanes exist in a variety of structures among which polyhedral
oligomeric silsesquioxane (POSS) compounds are of particular
interest since they possess a unique cage-like structure and nano-
scale dimensions (1–3 nm in diameter) [2]. Effective incorporation
of POSS into a polymer matrix to produce a nanocomposite can
result in increased glass transition temperature [3], enhanced
mechanical properties [4,5], increased use temperature [6], lower
flammability, and enhanced rheological properties [7]. Function-
alized POSS with multiple reactive functionalities are ideal for the
production of unique organic–inorganic hybrid nanomaterials.
Functional groups such as epoxy [8,9], amine [10], vinyl [11],
ience and Engineering, North
rgo, ND 58102, USA. Tel.: þ1

holm).
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alcohol, carboxylic acid, fluoroalkyl, imide, and halide have been
successfully incorporated into POSS structures and used for
a variety of applications. Most of these functionalized POSS
compounds are commercially available.

Quaternary ammonium compounds (QACs) are widely used as
antimicrobial agents to inhibit microbial growth [12–15]. The
antimicrobial activity provided by QACs results from both ionic and
hydrophobic interactions between the QAC and components of the
microbial cell wall that leads to cell death or malfunction in cellular
processes [16–18]. The ability of a QAC to bind to the microbial cell
wall and disrupt its function is dependent on various compositional
factors such as charge density, amphiphilicity, molecular size, and
molecular mobility. Since cell wall composition and structure varies
from one microorganism to another, the effectiveness of a given
QAC tends to vary from one microorganism to another. The
complex relationship between QAC composition, microorganism
species, and antimicrobial activity has been previously demon-
strated by several investigators [19,20].

Traditionally, QACs containing one or two salt groups have been
used as antimicrobial agents in commercial products; however, in
nature, compounds containing multiple quaternary ammonium
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Table 1
Quaternizing agent composition and weight used to quaternize 2.00 g of tertiary-
amino-functional POSS.

Alkyl
halide

High level of
quaternization
(wt in g)

Medium level of
quaternization
(wt in g)

Low level of
quaternization
(wt in g)

CH3I 1.60 1.01 0.53
C4H9I 2.08 1.38 0.69
C8H17I 2.71 1.81 0.90
C12H25I 3.34 2.23 1.11
C16H33I 3.97 2.65 1.32
C18H37I 4.29 2.86 1.43

Table 2
Extent of quaternization obtained by 1H NMR for each Q-POSS prepared. Values
represent the mole percent of tertiary amines quaternized.

Alkyl halide High level of
quaternization

Medium level of
quaternization

Low level of
quaternization

CH3I 63.5 42.3 18.9
C4H9I 95.1 76.4 37.6
C8H17I 90.5 76.9 39.7
C12H25I 94.5 71.1 37.0
C16H33I 82.9 65.6 38.2
C18H37I 81.7 66.9 38.9
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salt (QAS) groups are often used to inhibit biofilm formation
[21,22]. As a result, QAS-functional polymers have been a subject of
interest [23]. Compared to low molecular weight mono- or divalent
QACs, QAS-functional polymers enable higher charge densities that
provide higher affinities for the negatively charged microorganism
cell wall. However, the higher molecular weight and higher extent
of inter- and intramolecular ionic interactions associated with QAS-
functional polymers inhibit diffusion through the cell membrane.
As a means to enable high charge densities while maintaining
a compact molecular structure, Chen et al. [24] investigated QAS-
functional poly(propylene imine) dendrimers as an antimicrobial
agent and showed that a dendrimer possessing 16 QAS groups per
molecule provided two orders of magnitude greater antimicrobial
activity than a monofunctional counterpart.

Since POSS molecules can be readily derivatized to possess as
many as eight functional groups per molecule while maintaining
a compact molecular size, it was of interest to synthesize
quaternary ammonium functional-POSSs (Q-POSSs) and deter-
mine their antimicrobial activity as a function of the number of
QAS groups per molecule. As previously discussed by Choj-
nowski et al. [25], Q-POSSs may also have utility as an antimi-
crobial additive for surface coatings. The excellent
biocompatibility and desirable mechanical properties of poly-
siloxanes has resulted in numerous applications for these
materials in the medical industry [26]. Since Q-POSSs possess
a siloxane core that should enable compatibility with a siloxane
matrix, they may be ideally suited as an antimicrobial additive
for polysiloxane coatings.

This document describes the synthesis and antimicrobial
activities of Q-POSSs possessing systematic variations in chemical
composition. Antimicrobial activity of Q-POSSs in aqueous solution
was determined using both the Gram-negative bacterium, Escher-
ichia coli (E. coli), and the Gram-positive bacterium, Staphylococcus
aureus (S. aureus). Q-POSSs exhibiting relatively high antimicrobial
activity were subsequently incorporated into polysiloxane coatings
and the antimicrobial activity of the coating surfaces determined
using E. coli, S. aureus, and the opportunistic fungal pathogen,
Candida albicans (C. albicans).

2. Experimental

2.1. Materials

Octasilane POSS was purchased from Hybrid Plastics. Allyldi-
methylamine was purchased from TCI America. Karstedt’s catalyst
(platinum(0)-1,3-divinyl-1,1,3,3-tetramethyl disiloxane complex),
1-iodomethane, 1-iodobutane, 1-iodooctane, 1-iodododecane, 1-
iodohexadecane, 1-iodooctadecane, toluene, methanol, 1.0 M tet-
rabutylammonium fluoride (TBAF) in tetrahydrofuran (THF),
4-methyl-2-pentanone, and THF were obtained from Aldrich
Chemical. 18,000 and 49,000 g/mol silanol-terminated poly-
dimethylsiloxane (HO-PDMS-OH) and methyltriacetoxysilane
(MeAc) were purchased from Gelest. Intergard 264 epoxy primer
was obtained from International Marine and Protective Coatings.
An 80 wt% solution of the 49,000 g/mol HO-PDMS-OH in toluene
and a 50 mmol solution of TBAF in 4-methyl-2-pentanone (Cat
soln.) were used for coating solution preparation. All other reagents
were used as received.

For biological assays, tryptic soy broth (TSB), tryptic soy agar
(TSA), Luria–Bertani broth (LBB), Luria–Bertani agar (LBA), Sabo-
uraud’s dextrose agar (SDA), yeast nitrogen broth (YNB), triphe-
nyltetrazolium chloride, 10X phosphate-buffered saline (PBS),
sodium chloride (NaCl), Dey–Engley neutralizing broth (D/E), HPLC
grade methanol, 24-well polystyrene plates, 96-well polystyrene
plates, and 1.5 ml centrifuge tubes were purchased from VWR
International. 1X PBS was prepared in deionized water. 0.9% NaCl
solution (w/v) was prepared by adding 9 g of NaCl to 1 l of deion-
ized water.
2.2. Q-POSS synthesis

A representative Q-POSS synthesis is as follows: In a 100 ml
round-bottom flask equipped with a nitrogen inlet, condenser, and
temperature controller, 2.00 g of octasilane POSS (1.96 mmol) and
1.75 g of allyldimethylamine (20.55 mmol) were dissolved in 50 ml
of THF. Once dissolved, 180 ml of Karstedt’s catalyst was added to
the reaction mixture and the reaction mixture refluxed for 48 h.
Completion of the reaction was confirmed using proton nuclear
magnetic resonance spectroscopy (1H NMR) by observing the
disappearance of the Si–H peak at d 4.7 ppm. After completion of
the hydrosilylation reaction, excess allyldimethylamine was
removed under reduced pressure. Allydimethylamine removal was
confirmed by the absence of the 1H NMR (in CDCl3) peaks at
d 5.72 ppm (–N–CH2–CH]) and 5.01 ppm (–N–CH2–CH]CH2). 29Si
NMR displayed a singlet at d 14.9 ppm, corresponding to the M-type
silicon, and another singlet at d �107.3 ppm, corresponding to the
Q-type silicon of the POSS core. The presence of only two singlets in
the 29Si NMR spectrum confirmed that the cubic structure of POSS
remained intact during the reaction.

The tertiaryamino-functional POSS compound was converted to
various Q-POSSs by quaternization using alkyl halides. A repre-
sentative quaternization procedure is as follows: To a 20 ml glass
vial containing a magnetic stir bar, 2.00 g of the tertiaryamino-
functional POSS (9.4�10�3 mol of tertiary amine functional
groups) was mixed with 0.90 g of 1-iodooctane (3.76�10�3 mol)
and the quaternization reaction carried out at 50 �C for 48 h. A
substantial increase in viscosity was observed as a result of the
reaction. Using 1H NMR (in CDCl3), new peaks appeared at
d 3.5 ppm (–Nþ–CH2–) and 3.3 ppm [–Nþ–(CH3)2] and a relative
decrease of the dimethylamino protons at 2.2 ppm was observed.
The extent of quaternization was approximately 40 mol%. Table 1
lists the composition and concentration of alkyl halides used to
produce Q-POSSs while Table 2 provides the extent of quaterniza-
tion obtained for each Q-POSS by 1H NMR. Each Q-POSS was diluted
with THF to produce a 30 percent solution by weight.



Table 3
Compositions of the coatings produced (all values are in grams).

Coating 18K-HO-
PDMS-OH

49K-HO-
PDMS-OH

MeAc Cat
soln.

Q-POSS
alkyl chain

Extent of Q-POSS
quaternization

Wt of Q-POSS Wt% of Q-POSS (based on
100 g of HO-PDMS-OH)

THF (from Q-POSS
solution)

Toluene

18K-PDMS 7.00 0.00 1.05 1.05 – – 0.00 0.00 0.00 0.00
18K-C12-QPOSS

(low)
7.00 0.00 1.05 1.05 C12H25– Low 1.16 16.57 2.71 0.00

18K-C16-QPOSS
(low)

7.00 0.00 1.05 1.05 C16H33– Low 1.24 17.71 2.89 0.00

18K-C16-QPOSS
(high)

7.00 0.00 1.05 1.05 C16H33– High 0.79 11.29 1.84 0.00

18K-C18-QPOSS
(low)

7.00 0.00 1.05 1.05 C18H37– Low 1.26 18.00 2.94 0.00

18K-C18-QPOSS
(high)

7.00 0.00 1.05 1.05 C18H37– High 0.83 11.89 1.94 0.00

49K-PDMS 0.00 7.00 1.05 1.05 – – 0.00 0.00 0.00 1.75
49K-C12-

QPOSS (low)
0.00 7.00 1.05 1.05 C12H25– Low 1.16 16.57 2.71 1.75

49K-C16-QPOSS
(low)

0.00 7.00 1.05 1.05 C16H33– Low 1.24 17.71 2.89 1.75

49K-C16-QPOSS
(high)

0.00 7.00 1.05 1.05 C16H33– High 0.79 11.29 1.84 1.75

49K-C18-QPOSS
(low)

0.00 7.00 1.05 1.05 C18H37– Low 1.26 18.00 2.94 1.75

49K-C18-QPOSS
(high)

0.00 7.00 1.05 1.05 C18H37– High 0.83 11.89 1.94 1.75
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2.3. Preparation of polysiloxane coatings

Coating solutions were prepared by adding HO-PDMS-OH, Q-
POSS solution, and toluene to a 20 ml plastic cup and mixing at
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Fig. 1. (a) Synthesis of tertiaryamino-functionalized POSS. (b) A
2400 rpm for 2 min with a SpeedMixer� DAC 150 FVE-K. Next,
MeAc and Cat soln. were added to the mixture and the mixture
mixed at 2400 rpm for an additional 2 min. The coating solutions
were stirred overnight using magnetic stirring before applying the
O
Si

O

Si
O

Si

O

Si
O

Si

O

Si
O Si

O

Si

O
O

O
O

O

O

O

O

O

O O

O

Si

Si

Si

SiSi

Si

Si

Si

N

N

N

N

N

N
N

N

t’s

, 48 h

O
Si

O

Si
O

Si

O

Si
OSi

O

Si
O

Si

O

Si

O
O

O
O

O

O

O

O

O

O O

O

Si

Si

Si

SiSi

Si

Si

Si

N

N

N

N

N

N
N

N

R

R

R

R

X

X

X

X

R = CH3 to C18H37 X=I

n idealized structure of the partially quaternized Q-POSS.



0

1

2

3

4

5

6

7

C1 C4 C8 C12 C16 C18

B
a
c
t
e
r
i
a
l
 
l
o

g
 
r
e
d

u
c
t
i
o

n

Alkyl chain length

High
Medium
Low

Fig. 2. A plot illustrating the antimicrobial activity of the Q-POSS compounds toward E.
coli as a function of alkyl chain length and extent of quaternization (high, medium, and
low). 0

20

40

60

80

100

0 8 16

Low Extent of Quaternization
High Extent of Quaternization

A
v
e
r
a
g

e
 
D

i
a
m

e
t
e
r
 
(
n

m
)

Alkyl Chain Length (Number of Carbon Atoms)

Fig. 4. Results of particle size measurements made on aqueous solutions of the ter-
tiaryamino-functionalized POSS (0 carbon atoms) and Q-POSSs possessing an 8 or 16
carbon alkyl chain.

P. Majumdar et al. / Polymer 50 (2009) 1124–1133 1127
coatings to substrates. Table 3 describes the compositions of the
coating solutions prepared.

For the generation of coating specimens for antimicrobial
testing, coating solutions were cast over primed aluminum discs
using 200 mL of coating solution and an Eppendorf Repeater� plus
pipetter. The primer used was Intergard 264 epoxy primer. For
water contact angle measurements, drawdowns were made over
aluminum panels by using a Gardco� applicator. Curing was ach-
ieved by allowing the coatings to lie horizontally for 24 h at
ambient conditions followed by a 24 h heat treatment at 50 �C.

2.4. Antimicrobial property characterization of Q-POSSs

Stocks of E. coli ATCC 12435 and S. aureus ATCC 25923 were
maintained weekly at 4 �C on LBA and TSB, respectively. Broth
cultures of E. coli (LBB) and S. aureus (TSB) were prepared by
inoculating one colony into 10 ml of broth and incubating at 37 �C
with shaking. Overnight cultures were pelleted via centrifugation
(10 min at 4500 rpm), washed twice in 0.9% NaCl, and resuspended
to a 0.5 McFarland turbidity standard (w108 cells ml�1). 2 ml of
30 wt% Q-POSS in THF was added to 1 ml of bacterial suspension
previously dispensed into a well of a sterile 24-well polystyrene
plate. The plates were placed on an orbital shaker and allowed to
incubate for 2 h at room temperature. 0.1 ml of each Q-POSS/
bacterial suspension was immediately transferred to 0.9 ml of D/E
neutralization medium in a 1.5 ml microcentrifuge tube, and seri-
ally diluted (1:10) in D/E medium. 0.2 ml of each dilution was
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Fig. 3. A plot illustrating the antimicrobial activity of the Q-POSS compounds toward S.
aureus as a function of alkyl chain length and extent of quaternization (high, medium,
and low).
transferred in triplicate to a 96-well plate and incubated statically
at 37 �C. After 24 h of incubation, the plates were removed from the
incubator and photographed with a digital camera to quantify
bacterial growth in solution. Bacterial log reductions were reported
as the average of three replicate samples. The bacterial suspensions
in 0.9% NaCl (without Q-POSS addition) served as a positive growth
control (yellow color). Blank D/E medium served as the negative
growth control (purple color). Since THF was used to solublize Q-
POSS molecules for biological evaluations, the antimicrobial
activity of THF was also determined. As expected, THF did not
inhibit bacterial growth. Thus, variations in antimicrobial activity
could be exclusively attributed to the Q-POSS molecules.

2.5. Antimicrobial property characterization of coatings containing
Q-POSSs

The antimicrobial properties of coatings were determined using
an agar plating method [27]. Stocks of E. coli ATCC 12435, S. aureus
ATCC 25923, and C. albicans ATCC 10231 were maintained weekly at
4 �C on LBA, TSB, and SDA, respectively. Broth cultures of E. coli
(LBB), S. aureus (TSB), and C. albicans (YNB) were prepared by
inoculating one colony into 10 ml of broth and incubating at 37 �C
with shaking. Overnight cultures were pelleted via centrifugation
(10 min at 4500 rpm), washed twice in PBS, and resuspended to
a final cell density of w108 cells ml�1. A sterile swab was used to
inoculate a lawn of each microorganism on their corresponding
agar plates. The coated aluminum discs were then placed on the
agar plates with the coated side in direct contact with the agar
surface. The plates were inverted and incubated for 24 h at 37 �C.
Inhibition of microbial growth around and/or directly on the
coating surfaces was evaluated visually from digital images taken
after 24 h of incubation. A biological activity indicator dye, triphe-
nyltetrazolium chloride, was added to the agar medium (70 mg/l E.
coli, 15 mg/l S. aureus, 500 mg/l C. albicans) to aid in the visualiza-
tion of microbial growth (i.e., red color).

2.6. Instrumentation

1H NMR spectra were recorded in CDCl3 using a JEOL 400 MHz
spectrometer. A sweep width of 7503 Hz was used with 16,000 data
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points, resulting in an acquisition time of 2.184 s. Sixteen scans
were obtained with a relaxation delay of 4 s.

29Si NMR spectra were collected using a JEOL 400 MHz spec-
trometer operating at 79.43 MHz. Acquisition parameters included
a 62.5 kHz sweep width, 16,000 data points, and an acquisition time
of 0.21 s. 14,000 scans were collected. The lock solvent was
acetone-d6 with chromium tris-acetyl acetonate added as a shift-
less relaxation agent.

Water contact angle and water contact angle hysteresis were
determined using an automated surface energy measurement unit
manufactured by Symyx Discovery Tools, Incorporated [28]. For the
determination of water contact angle hysteresis, advancing contact
angle (qA) was measured by robotically adding water to a water
droplet residing on the coating surface using an addition rate of
0.2 ml/s and monitoring changes in contact angle with time; while
receding contact angle (qR) was measured by monitoring contact
angle as water was withdrawn from the droplet using a withdrawal
rate of 0.2 ml/s. The first image was taken after 20 s and subsequent
images were taken every 10 s. The total duration of the water
addition was 70 s as was the total duration of water removal. qA was
determined by averaging the second to fifth data points during
water addition while qR was determined by averaging the last four
Table 4
Description of the coating variables investigated.

Variable Level 1 Level 2 Level 3

HO-PDMS-OH molecular weight (g/mol) 18,000 49,000 –
Alkyl chain length C12 C16 C18
Extent of Q-POSS quaternization Low High –
data points [29]. The difference between qA and qR was reported as
the contact angle hysteresis.

Coating surface morphology was characterized using atomic
force microscopy (AFM). The instrument utilized was a Dimension
3100� microscope with a Nanoscope IIIa controller from Veeco
Incorporated. Experiments were carried out in tapping mode at
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Fig. 6. Water contact angle data for coatings based on the 18,000 g/mol HO-PDMS-OH.
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ambient conditions and both topographical and phase images were
collected. A silicon probe with a spring constant of 0.1–0.4 N/m and
resonant frequency of 17–24 kHz was used. The set point ratio for
collection of images was 0.8–0.9.

Particle size measurements were obtained by dynamic light
scattering with a Submicron Particle Sizer Nicomp� 380 using
a 658 nm laser and scattering angle of 90�. Samples were prepared
by dissolving 2 ml of 30 wt% solutions of Q-POSS in THF in 1 ml of
0.9% NaCl (w/v in water). Three measurements were taken for each
solution.

3. Results and discussion

As shown in Fig. 1, octasilane POSS was used as the starting
compound to generate Q-POSSs. Octasilane POSS was chosen as the
starting compound because the eight Si–H groups are a siloxane
unit away from the inorganic cage resulting in a reduction in steric
hindrance for further chemical modification [30]. As shown in
Fig. 1(a), the first step of the Q-POSS synthesis involved hydro-
silylation of octasilane POSS with allyldimethylamine to generate
a functionalized POSS containing eight tertiaryamino groups.
Complete functionalization was confirmed by 1H NMR. 29Si NMR
was used to ensure that the cubic structure of POSS remained intact
after the reaction.

The tertiaryamino-functionalized POSS was then used as
a precursor to generate Q-POSSs. Quaternization of the tertiary-
amino-functionalized POSS was achieved by reacting with iodoal-
kanes of varying chain length at 50 �C for 48 h. For each iodoalkane,
the extent of quaternization was varied by varying the molar ratio
of iodoalkane to dimethylamino groups at three different levels:
high (1/1), medium (0.8/1), and low (0.4/1). The actual extent of
quaternization achieved was determined by NMR and is provided
in Table 2. With the exception of Q-POSSs generated from methyl
iodide, the extent of quaternization was similar for a given level of
iodoalkane.

3.1. Antimicrobial activity of Q-POSSs in aqueous solution

The antimicrobial activity of the Q-POSSs in aqueous solution
was measured using the Gram-negative bacterium, E. coli, and the
Gram-positive bacterium, S. aureus. Figs. 2 and 3 display antimi-
crobial activity of Q-POSSs as a function of both the length of the
alkyl chain of the QAS groups and the extent of Q-POSS quaterni-
zation. Both alkyl chain length and extent of quaternization were
found to significantly affect antimicrobial properties. In general,
lower extents of quaternization and longer alkyl chain lengths
provided the highest antimicrobial activity. For the highest extent
of quaternization, antimicrobial activity exhibited a maximum at an
alkyl chain length of 12 carbons.

Other investigators who have previously studied the antimi-
crobial properties of QACs have reported a strong dependence of
antimicrobial properties on alkyl chain length. For example, Gilbert
et al. [31] reported a parabolic relationship between the alkyl chain
length of alkyltrimethylammonium bromides and antimicrobial
activity toward S. aureus, Saccharomyces cerevisiae, and Pseudo-
monas aeruginosa. Maximum antimicrobial activity was observed
for alkyltrimethylammonium bromides possessing 10 and 12
carbon alkyl chains. Similarly, Kourai and coworkers [32] observed
a parabolic relationship between the alkyl chain length of N-alkyl-
a-methylpyridinium iodides (MP), N-alkyldimethylphenylammo-
nium iodides (dMPh), N-alkyltrimethylammonium iodides (tM),
N-alkylquinolinium iodides (Q), and N-alkyl-iso-quinolinium
iodides (IQ) and antimicrobial activity toward E. coli and Bacillus
subtilis var. niger. For MP, dMPh, and IM, the 16 carbon-based QAC
displayed the highest antimicrobial activity while the 14 carbon
QAC was the most potent for Q and IQ. These nonlinear QAC
chemical structure–antimicrobial activity relationships can be
attributed to the interplay between several factors such as the
affinity of the QAC for the cell membrane, the degree of aggregation
of QAC or micelle formation of molecules in solution, steric inter-
actions, and the diffusivity of the QAC through the cell wall [33–35].
The amphiphilic structure of QACs allows both the electrostatic and
hydrophobic interactions needed to bind the biocide to the target
organism cell wall [36,37].

Based on the data shown in Figs. 2 and 3, Q-POSSs possessing
the lowest extent of quaternization and an alkyl chain length
between 8 and 16 carbon units provided the highest, broadest
spectrum antimicrobial activity. Apparently, Q-POSSs falling within
this range of chemical structure possess the best balance of lip-
ophilicity and diffusivity to enable both effective binding to the
outer surface of the bacterium cell structure and diffusivity through
the cell wall to the cell interior. It was hypothesized that the lower



Fig. 9. AFM images of (a) 18K-C16-QPOSS (high), topography, (b) 18K-C16-QPOSS (high), phase, (c) 18K-C16-QPOSS (low), topography, (d) 18K-C16-QPOSS (low), phase, (e) 18K-C18-
QPOSS (high), topography, (f) 18K-C18-QPOSS (high), phase, (g) 18K-C18-QPOSS (low), topography, and (h) 18K-C18-QPOSS (low).
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effectiveness of Q-POSSs possessing the high level of quaternization
may have been due to aggregation of Q-POSS molecules in solution
which ultimately reduced the diffusivity needed to effectively
permeate the cell outer layer and cause cell death. To test this
hypothesis, particle size measurements of aqueous solutions of the
tertiaryamino-functionalized POSS and representative Q-POSS
samples were made using dynamic light scattering. The concen-
tration of the solutions used for the measurement was the same as
that used for measuring antimicrobial activity. As illustrated in
Fig. 4, quaternization of the tertiaryamino-functionalized POSS
resulted in a 2 to 6 fold increase in average particle size depending
on the level of quaternization and alkyl chain length of the
iodoalkane. Increasing the extent of quaternization from the low to
the high level resulted in an approximate doubling of particle size.
The changes in particle size resulting from quaternization can only
be attributed to the formation of Q-POSS aggregates in the solution.
The relatively large increase in average particle size observed as
a function of alkyl chain length suggests that the driving force for



Fig. 10. AFM phase images of (a) 18K-C16-QPOSS (low) and (b) 18K-PDMS.

P. Majumdar et al. / Polymer 50 (2009) 1124–1133 1131
aggregation in aqueous solution was the formation of intermolec-
ular hydrophobic interactions involving the long alkyl chains
introduced into the POSS molecules via quaternization.

A variation in activity based on bacterial species was expected
considering the significant differences in the cell wall of Gram-
positive and Gram-negative bacteria. Gram-positive bacteria are
generally characterized as having a thick cell wall composed of
peptidoglycan and typically lack an outer membrane. Gram-nega-
tive bacteria are characterized as having a cell wall that consists of
two membranes, an inner membrane based on phospholipids and
an outer membrane composed of lipopolysaccharides [33,36]. Thus,
for Gram-negative bacteria, the outer membrane of the cell wall acts
as an additional barrier to foreign molecules. Previous results have
Table 5
Illustrative examples of the antimicrobial responses observed for the coatings.

Microorganism Antimicrobial responses observed

þ, þ

S. aureus

E. coli Not observed

C. albicans
shown that QACs tend to be more effective toward Gram-positive
bacteria than Gram-negative bacteria [36,38]. However, the data
shown in Figs. 2 and 3 show that, in general, Q-POSSs were just as
effective toward the Gram-negative bacterium, E. coli, as the Gram-
positive bacterium, S. aureus. The much higher charge density of Q-
POSSs as compared to conventional QACs may have enabled the
broader spectrum antimicrobial activity.

3.2. Surface properties of coatings containing Q-POSSs

After having identified Q-POSS compositions that exhibit broad
spectrum antimicrobial activity, it was of interest to determine the
utility of Q-POSSs as an antimicrobial additive for polysiloxane
þ, � �, �
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Alkyl chain of Q-POSS

18K-HO-PDMS-OH, low extent of quaternization
18K-HO-PDMS-OH, high extent of quaternization
49K-HO-PDMS-OH, low extent of quaternization
49K-HO-PDMS-OH, high extent of quaternization

Fig. 11. The effects of the extent of Q-POSS quaternization and HO-PDMS-OH molec-
ular weight on antimicrobial activity.

Table 6
Antimicrobial activity of coatings.

Coating S. aureus E. coli C. albicans

18K-PDMS �, � �, � �, �
18K-C12-QPOSS (low) þ, þ þ, � �, �
18K-C16-QPOSS (low) þ, � �, � þ, þ
18K-C16-QPOSS (high) �, � �, � �, �
18K-C18-QPOSS (low) �, � �, � þ, �
18K-C18-QPOSS (high) �, � �, � �, �
49K-PDMS �, � �, � �, �
49K-C12-QPOSS (low) þ, � �, � þ, �
49K-C16-QPOSS (low) þ, þ �, � þ, þ
49K-C16-QPOSS (high) �, � �, � �, �
49K-C18-QPOSS (low) þ, � �, � þ, �
49K-C18-QPOSS (high) �, � �, � �, �
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coatings. Considering the low surface free energy of polysiloxanes,
it was of particular interest to determine if the more polar, and
therefore higher surface energy, Q-POSSs would reside at the
coating/air interface. Q-POSSs which varied with respect to the
extent of quaternization and length of the QAS alkyl chain were
incorporated into two different moisture-curable polysiloxane
coatings and the coating surface properties characterized using
water contact angle and water contact angle hysteresis measure-
ments. The two moisture-curable polysiloxane coatings differed
with respect to the molecular weight of the HO-PDMS-OH used to
generate the crosslinked network. Fig. 5 provides a schematic
representation of the crosslinked network produced by the coating
solutions prepared. Table 4 provides a summary of the coating
variables investigated.

Figs. 6 and 7 display water contact angle data as a function of both
Q-POSS extent of quaternization and Q-POSS alkyl chain length.
Interestingly, for both coating matrices (18K-PDMS and 49K-PDMS),
adding Q-POSSs with a low extent of quaternization increased water
contact angle while the opposite behavior was observed with the
addition of Q-POSSs with a high extent of quaternization.

In addition to water contact angle, water contact angle hysteresis
(CAH) was measured. CAH provides a measure of the stability of the
coating surface upon exposure to water [39–41]. The results shown
in Fig. 8 indicate that the use of Q-POSSs with a higher extent of
quaternization results in a greater change in surface composition
and/or morphology upon exposure to water. Considering the
hydrophilicity associated with the QAS groups, it would be expected
that increasing the extent of Q-POSS quaternization would result in
a coating surface that would be more prone to undergo a rear-
rangement when exposed to the water droplet. The presence of
water on the coating surface would provide a thermodynamic
driving force for reorganization of QAS groups to maximize molec-
ular interactions between QAS groups and water molecules.

AFM was used to characterize coating surface morphology as
a function of Q-POSS extent of quaternization. The AFM images
displayed in Fig. 9 were all obtained from coatings produced using
the same HO-PDMS-OH (18,000 g/mol). A relatively homogeneous
surface morphology was obtained for the coatings based on Q-
POSSs with the low extent of quaternization [18K-C16-QPOSS (low)
and 18K-C18-QPOSS (low)] while a relatively heterogeneous, two-
phase surface morphology consisting of dispersed phases in the
2.0–4.5 mm size range was observed for the highly quaternized Q-
POSS-based coatings [18K-C16-QPOSS (high) and 18K-C18-QPOSS
(high)]. The micron-sized two-phase surface morphology observed
for coatings based on the highly quaternized Q-POSS molecules
indicates that the QAS groups provide a thermodynamic driving
force for phase separation from the polysiloxane matrix. Most likely
intermolecular ionic interactions such as those observed for ‘‘ion-
omers’’ are a principle factor in the formation of Q-POSS-rich
domains [42]. In addition, intermolecular van der Waals interac-
tions associated with the long QAS alkyl chains may also contribute
to the driving force for phase separation.

Fig. 10 displays phase images of the pure PDMS matrix
(18K-PDMS) and 18K-C16-QPOSS (low) taken at a much higher
magnification than the images shown in Fig. 9. At the higher
magnification (Fig. 10), it can be seen that the presence of Q-POSS
produces a heterogeneous surface morphology at the nanometer
scale indicating the presence of the Q-POSS molecules uniformly
dispersed at the coating surface. The nanoscale surface topology
observed from the Q-POSS (low)-containing coatings most likely
contributed to the higher water contact angles observed for these
coatings as compared to the Q-POSS-free coatings and Q-POSS
(high)-containing coatings. The production of nanoscale surface
roughness has been shown to reduce the contact area available for
wetting which results in an increase in contact angle [43–45].
3.3. Antimicrobial activity of coatings

The antimicrobial activity of the coatings described in Table 3
was evaluated toward the Gram-positive bacterium, S. aureus,
Gram-negative bacterium, E. coli, and the opportunistic fungal
pathogen, C. albicans, using the agar plating method. The antimi-
crobial properties of the coatings were characterized using visual
observation. As illustrated in Table 5, three different antimicrobial
responses were observed. For some coatings, no microorganism
growth was observed on the surface of the coating or in a zone
surrounding the coated specimen (zone of inhibition). This type of
antimicrobial response was given the designation, ‘‘þ, þ.’’ In
addition to this response, coatings were identified that showed no
microorganism growth on the coating surface, but no zone of
inhibition. This antimicrobial response was given the designation,
‘‘þ, �.’’ Finally, coatings that showed no microorganism growth
inhibition on the coating surface or a zone of inhibition were given
the designation, ‘‘�, �.’’

Table 6 displays a summary of the results obtained from the agar
plating method. In general, the Q-POSS-containing coatings were
much more effective toward S. aureus and C. albicans than E. coli.
Only coating 18K-C12-QPOSS (low) showed antimicrobial activity
toward E. coli. Fig. 11 was generated using the data shown in Table 6
to enable visualization of the effects of the extent of Q-POSS qua-
ternization and HO-PDMS-OH molecular weight on antimicrobial
activity. Antimicrobial activity was represented as the number of
microorganism species that were inhibited from growing on
the coating surface. As shown in Fig. 11, only the coatings based on
Q-POSSs that possessed the low extent of quaternization displayed
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antimicrobial activity. The lack of antimicrobial activity for coatings
doped with the highly quaternized Q-POSSs may be due to the
extensive agglomeration of these Q-POSS molecules within the
polysiloxane matrix that inhibits diffusivity of the Q-POSS mole-
cules and thereby limits the ability of the molecules to interact with
the cell wall of the microorganisms. As mentioned previously, the
driving force for Q-POSS agglomerization most likely involved
intermolecular interactions associated with the QAS groups. The
formation of ionic aggregates in the solid-state for ion-containing
polymers has been well documented [46–48]. Huang et al. has
shown that QAS-functional polysiloxanes form ionic aggregates in
the solid-state [42]. In addition to intermolecular ionic interactions,
intermolecular van der Waals interactions associated with the long
alkyl chain of the QAS groups may contribute to Q-POSS agglomer-
ization. With regard to the effect of HO-PDMS-OH molecular weight
on antimicrobial activity, the results shown in Fig. 11 indicate that
this factor did not have an obvious effect on antimicrobial activity.

4. Conclusions

An array of Q-POSS compounds varying in the extent of qua-
ternization and alkyl chain length were successfully synthesized.
The antimicrobial activity of the Q-POSS compounds in aqueous
solution was found to be strongly dependent on Q-POSS composi-
tion. In general, Q-POSSs possessing a relatively low extent of
quaternization and longer alkyl chain lengths provided the highest
antimicrobial activity. Based on particle size measurements of
dilute aqueous solutions, the lower antimicrobial activity of Q-
POSSs possessing a relatively high level of quaternization was
attributed to Q-POSS aggregation in solution which inhibited
diffusion into bacterial cell walls.

For polysiloxane coatings containing Q-POSS compounds as an
antimicrobial additive, coating surface energy, surface morphology,
and antimicrobial properties were found to be strongly dependent
on Q-POSS composition. For coatings based on Q-POSS compounds
possessing the low extent of quaternization, water contact angle
was increased relative to analogous Q-POSS-free coatings and the
coatings possessed nanoscale surface roughness not observed with
the Q-POSS-free coatings. These results indicate that the Q-POSS
molecules were present at the coating surface. For coatings based
on Q-POSSs possessing the high extent of quaternization, a phase
separated surface morphology was observed and water contact was
lower than analogous Q-POSS-free coatings. The lower water
contact angle and presence of a micron-scale dispersed phase at the
coating surface suggested significant agglomerization of Q-POSS
molecules for these coatings. In addition, coatings possessing the
high level of quaternization did not display antimicrobial activity
which may also be due to agglomerization of the Q-POSS mole-
cules. Agglomeration of Q-POSS molecules resulting from extensive
intermolecular ionic interactions and possibly intermolecular van
der Waals interactions would be expected to inhibit diffusion and
interaction of the Q-POSS molecules with bacterial cells. For coat-
ings exhibiting a zone of inhibition, the zone of inhibition was quite
small indicating low diffusivity of the Q-POSS molecules from the
polysiloxane coatings into the agar medium.
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