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The partitioning to lipid-containing solids (cell membranes,
natural organic matters) plays an important role in the fate of
organic pollutants. We herein studied sorption of a series
of aromatic compounds from aqueous solution to gel-phase
egg phospholipids. The regression line describing the free-energy
relationship between lipid-water distribution coefficient (Kd)
and n-octanol–water partition coefficient (KOW) for the high-
polar compounds (phenolics, dinitrobenzene, trinitrobenzene)
is displaced upward relative to the low-polar compounds
(chlorobenzenes, polycyclic aromatic hydrocarbons (PAHs),
nitrobenzene,dichlorobenzonitrile),suggestingadditivepolarextra-
interactions besides hydrophobic effects in sorption. Binding
of Cu2+or decreasing pH increases sorption of the three and four-
ring PAHs but not the rest compounds. These results led us
to propose a specific sorption mechanism, cation-π bonding
between PAHs and complexed metal ions or protonated amine
groups of phospholipids. The Cu2+-PAH complexation in
solution was supported by the observation that PAHs enhance
the saturated solubility of CuSO4 in chloroform, and the
enhancement correlates with π-donor strength of PAH (pyrene
> phenanthrene > naphthalene). The electron coupling
between the protonated amine groups of phospholipids and
PAHs in chloroform was verified by the electronic deshielding-
induced downfield chemical shifts of phenanthrene at low
pH in the 1H NMR spectrum.

Introduction
Biogenic lipids,including phospholipids, lipoproteins, fats,
and sterols,are a group of biosynthetic chemicals that are
widely distributed in the biosphere. To organisms the
partitioning to biolipids is a key process that controls the
exposure, retention, and biological reactivity of organic
pollutants. One prominent example is that adipose tissues
of high-trophic mammals tend to accumulate recalcitrant,
lipophilic organic pollutants such as polycyclic aromatic
hydrocarbons (PAHs) along the food chain, finally becoming
the sink of these chemicals (1).

An important category of biolipids are phospholipids that
form the bilayer structure of cell membranes, wherein the
hydrophobic groups are directed inward and the hydrophilic
groups are directed to the exterior of the membrane. As the

cytoplasmic membrane controls the transport of molecules
into the cell, elucidation of the fundamental mechanisms
that determine the organic-phospholipid bilayer interactions
is of great theoretical and practical importance. For example,
in drug design,the partitioning of drugs to the phospholipid
liposome as chromatographic stationary phase, vesicle, gel
phase, or homogeneous solution has often been used as a
model for investigating drug-membrane interactions (2–7).
In these studies, for nonionic chemicals a good linear free-
energy relationship generally exists between lipid-water
distribution coefficient (Kd) and chemical n-octanol–water
partition coefficient (KOW), indicating the hydrophobic parti-
tion mechanism. Furthermore, preferential partition of
organic pollutants into the hydrophobic regions of phos-
pholipid bilayer may impair vital functions of the cytoplasmic
membrane, therefore causing toxic effects to the cell. Not
surprisingly, a good correlation is often found between the
toxicity of a given organic chemical and its KOW value (8).

The environmental importance of biolipids is also re-
flected by the impact of soil lipids on sorption of organic
pollutants by soil organic matter (SOM) (9, 10), as well as on
the physical and biological properties of soil (11). Soil lipids
are operationally defined as water-insoluble but organic
solvent-extractable organic matters in the SOM matrix,
composing a mixture of fatty acids, sterols, long-chain
hydrocarbons, fats, waxes, etc. generated from exudation
and decomposition of fauna, flora, and microorganisms
(11, 12). Previous studies showed that despite the relative
low content (i.e., between 4 and 8%, ref 13) in SOM, lipids
naturally present in soil compete with organic solutes
effectively for high affinity sorption sites of SOM, and removal
of the lipid content greatly increases their sorptive nonlin-
earity and capacity (9, 10).

As common toxicants or micronutrients, heavy metals
such as copper and lead often coexist with organic pollutants
at contaminated sites. For example, many polluted
soils contain PAHs, organic solvents, pesticides, and heavy
metals in addition to all naturally occurring chemical species
(e.g., alkali and alkaline earth metals, trace metals, anions)
(14, 15). Biolipids can be a favorable phase for partitioning
hydrophobic organic pollutants, and in the mean time for
binding heavy metal ions via chemical coordination to the
O-, P-, and N-containing functional groups. Binding of heavy
metal ions to biopolymers, including phospholipids, is
expected to influence the sorption of organic pollutants by
modifying the structure and chemistry of the biopolymer,
therefore impacting the environmental fate of organic
pollutants. Xiao et al. (16) recently reported that presence of
transition metals (Ag+, Cu2+, Fe3+) increases sorption of
phenanthrene and tetrachlorobenzene by several times to
the bacterial cell wall (structured with polysaccharide, cross-
linked shot peptides, lipoproteins, organic acids). The
investigators suggested that metal complexation neutralizes
the negative charge of the bacterial surface, making it less
hydrophilic and enhancing hydrophobic partition of the
organic solute. Furthermore, the mechanism of electron-
coupling between PAHs (electron-donors) and complexed
transition metal ions (electron-acceptors) on the bacterial
surface was explored to explain the stronger facilitated
sorption of PAHs by metals compared to chlorobenzenes
considered non-π-donors. Characterizing the cosorption of
organic pollutants and heavy metal ions to phospholipids,
which form the bilayer structure of cell membranes, may
also shed light on understanding mechanisms of cotoxicity
to cells exposed to metal-organic combined pollutions.
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In this study, we systematically examined effects of copper
and proton binding on sorption of organic compounds with
varied physical-chemical properties (hydrophobicity, elec-
tron polarizability, polarity) to gel-phase egg phospholipids
for better knowledge of organic-phospholipid interactions.

Experimental Section
Materials. Sorbates include four PAHs, naphthalene (NAPH,
Aldrich), phenanthrene (PHEN, Fluka), anthracene (ANEN,
Fluka) and pyrene (PYR, Aldrich), two chlorobenzenes, 1,2-
dichlorobenzene (DCB, Aldrich) and 1,2,4,5-tetrachloroben-
zene (TeCB, Aldrich), two phenolics, phenol (PHOL, Aldrich)
and 2,4-dichlorophenol (DCP, Aldrich), and three nitroaro-
matic compounds (NACs), nitrobenzene (NBZ, Aldrich), 1,3-
dinitrobenzene (DNB, Aldrich) and 1,3,5-trinitrobenzene
(1000 mg/L in acetonitrile) (TNB, Supelco), and 2,6-dichlo-
robenzonitrile (DNL, Chem Service). Sorbate KOW is listed in
Table 1. In solution-phase experiments, NAPH, PHEN, and
PYR were used as π-donor compounds, and 1,2,4-trichlo-
robenzene (TCB, Aldrich) and TeCB were used as non-π-
donor controls.

Egg phospholipids were purchased from Lipoid (Lud-
wigshafen, Germany). Based on the information provided
by the manufacturer, the lipids contain 97.1% phosphati-
dylcholine (structure shown in Figure S1, Supporting Infor-
maiton). Solution-phase carbon nuclear magnetic resonance
(13C NMR) spectra of the phospholipids in chloroform were
acquired on a Bruker-DRX 500 MHz spectrometer (Germany)
(Figure S2, Supporting Information). Fourier-transform
infrared (FTIR) spectra of the phospholipids and Cu2+-
complexed phospholipids with KBr Pellet were acquired on
a Thermo Nexus 870 spectrometer (USA) (Figure S3, Sup-
porting Information). In pH titration experiments, 0.05 M
HCl was added continuously at 25 µL each time (equivalent
to 1.25 micromole) to 40 mL suspension of phospholipids
(679 mg/L) in 0.02 M NaNO3 at 30 °C (Figure S4, Supporting
Information).

Batch Sorption. Phospholipids were mixed with 0.02 M
NaNO3 aqueous solution under continuous stir to prepare
a homogeneous gel phase suspension containing 0.15–2.0
g/L phospholipids. Aqueous stock solution of Cu2+ (327 mg/
L), if needed, was added directly to phospholipid suspension
to give a concentration of 3 mg/L, followed by pH adjustment
to about 6 by NaOH and HCl. For metal-free phospholipid
suspension, the pH (∼6) was unadjusted except where noted,
which was adjusted by 0.05 M HNO3 and NaOH. Sorption
experiments were carried out in 20 mL or 40 mL amber EPA
vials equipped with Teflonlined screw caps. Vials received
sufficient volume of phospholipid suspension, followed by
sorbate in methanol carrier (TNB in acetonitrile) that was

kept below 0.1% by volume to minimize cosolvent effects.
The amount of phospholipids and the volume of solution
were selected for each sorbate to ensure data compatibility
while maintaining analytical accuracy. Sorption isotherm of
Cu2+ to phospholipids was obtained from separate experi-
ments (Figure S5, Supporting Information). Duplicate samples
were done for sorption isotherms, and four or five replicate
samples for single-concentration sorption. The samples were
shaken by an orbital shaker incubated at 20 ( 0.5 °C for 2 h.
This period of time was sufficient to reach sorption equi-
librium for organic solutes based on previous kinetic studies
(data not shown). Afterward, the samples were centrifuged
at 4000 rpm (1500g) for 30 min and then left undisturbed on
a flat surface for more than 12 h to allow complete separation
between gelled phospholipids and solution. The supernatant
was clear in vision and showed negligible optical density
(300 nm) compared to a value of 0.68 for the phospholipid
suspension (0.217 g/L). The pH values measured at sorption
equilibrium were very close (generally<0.2 pH units) between
metal-free (5.9–6.3) and metal-containing samples.

Solute from an aliquot of the aqueous phase was analyzed
directly by high-performance liquid chromatography (HPLC)
using a 4.6 × 150 mm HC-C18 column (Agilent). Isocratic
elution was performed with a UV detector under the following
conditions: 80% methanol:20% water (v:v) with a wavelength
of 254 nm for NAPH; 90% methanol:10% water with a
wavelength of 254 nm for PHEN; 70% methanol:30% water
with a wavelength of 262 nm for NBZ; 60% methanol:40%
water with a wavelength of 238 nm for DNB; 55% methanol:
45% water with a wavelength of 266 nm for TNB; 50%
methanol:50% water with a wavelength of 270 nm for PHOL;
80% methanol:20% water with a wavelength of 231 nm for
DCP; 75% methanol:25% water (v:v) with a wavelength of
210 nm for DNL; 80% methanol:20% water with a wavelength
of 220 nm for DCB; 90% methanol:10% water with a
wavelength of 220 nm for TeCB. Isocratic elution was
performed with a fluorescence detector under the following
conditions: 90% methanol:10% water with excitation/emis-
sion wavelengths of 355/402 nm for ANEN; 90% methanol:
10% water with excitation/emission wavelengths of 334/391
nm for PYR. Metal concentration in the aliquot was measured
by a Hitachi Z-8100 atomic absorption (AA) spectrometer
(Japan). To take account for solute loss from processes other
than sorption to phospholipids (i.e., metal adsorption to
glassware, and organic sorption to septum and volatilization),
calibration curves were obtained separately from controls
receiving the same treatment as the sorption samples but no
phospholipids. Calibration curves included at least seven
standards over the tested concentration range. Based on the
obtained calibration curves, the sorbed mass of organic solute

TABLE 1. Sorbate n-Octanol–Water Partition Coefficient (KOW), Phospholipid-Water Distribution Coefficient with and without
Presence of Cu2+ (Corresponding to Kd,Cu and Kd), and the Ratio of Kd,Cu to Kd

compound abbrev. KOW
a(L L-1) Kd

b (L kg-1) Kd-Cu
b (L kg-1) Kd,Cu/Kd

naphthalene NAPH 2140 2410 ( 40 2400 ( 100 1.0
phenanthrene PHEN 37200 28000 ( 2000 48000 ( 4000 1.7
anthracene ANEN 47900 42000 ( 9000 220000 ( 20000 5.2
pyrene PYR 135000 72000 ( 6000 180000 ( 30000 2.5
1,2-dichlorobenzene DCB 2510 2140 ( 80 2090 ( 70 0.98
1,2,4,5-tetrachlorobenzene TeCB 52500 17000 ( 1000 16300 ( 900 0.96
nitrobenzene NBZ 70.8 82 ( 7 92 ( 7 1.1
1,3-dinitrobenzene DNB 1.49 100 ( 10 90 ( 7 0.90
1,3,5-trinitrobenzene TNB 15.2 90 ( 8 70 ( 20 0.78
phenol PHOL 27.5 72 ( 4 68 ( 3 0.94
2,4-dichlorophenol DCP 1230 8500 ( 400 8700 ( 500 1.0
2,6-dichlorobenzonitrile DNL 550c 470 ( 20 500 ( 10 1.1

a From Schwarzenbach et al. (38) except where noted. b Average values on all sorption points (with ( standard
deviations). c Calculated by ChemOffice 2005.
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or heavy metal was calculated by subtracting the mass in the
aqueous phase from the mass spiked.

Phospholipids in suspensions are expected to exist as
mixtures of multilamellar liposomes and amorphous lipo-
some coagulates. The average hydrodynamic diameter (DH)
of the lipid aggregates in 0.02 M NaNO3 solution at 25 °C was
determined with a scattering angle of 0–135 degree using a
laser particle size analyzer (Mastersizer 2000) (MALVERN,
UK) (Figure S6, Supporting Information). DH keeps nearly
constant within the pH range of 4–8.5, but increases greatly
from 0.54 to 6.8 µm when the phospholipids/solution ratio
decreases from 2 to 0.09 g/L. A separate test on phenanthrene
sorption showed that changing the phospholipids/solution
ratio (0.11–0.83 g/L) did not affect the lipid-water partition
coefficient (Kd) (data not shown). We also compared sorption
of 1,3-dinitrobenzene and phenanthrene between the phos-
pholipid suspension by our method and that by a referenced
method (17), which contains mainly small unilamellar vesicles
of phospholipids. No differences in Kd were observed between
the two suspensions (data not shown). Moreover, the
phospholipids throughout the operation of batch sorption
experiments should be chemically stable considering earlier
results that solution-phase soya phospholipids exposed to
atmosphere were resistant to oxidation within 8 days (18).

Solubility Enhancement Experiments. To test the hy-
pothesis of cation-π bonding between PAHs and Cu2+ ions
complexed to phospholipids, saturated solubility of anhy-
drous CuSO4 (>99%) in chloroform was measured in mixtures
of NAPH, PHEN, PYR, and TCB. Vials containing mixtures of
CuSO4 powder and organic solute in chloroform were covered
with aluminum foil from light and shaken in an orbital shaker
at 20 ( 1 °C for 7 d. After centrifugation, 3 mL of solution
was withdrawn carefully by syringe and mixed with 3 mL of
deionized water for Cu2+ extraction. The concentration of
Cu2+ in the aqueous phase was measured by AA. The
extraction efficiency of Cu2+ from chloroform by water was
tested to be 100%.

Solution-Phase 1H NMR Experiments. Aqueous phos-
pholipid suspension was adjusted to the desired pH (3.0, 3.5,
3.9, 4.7, 6.0) by 0.05 M HNO3 and NaOH, followed by filtration
through a 0.45 µm membrane. The obtained gel-phase
phospholipids was freeze–dried and stored for later use in
the NMR experiments. 13C NMR spectra of the obtained
phospholipids in chloroform (results not shown) were found
identical to that of the untreated phospholipids (Figure S2,
Supporting Information), suggesting no chemical variation
during the course of treatment. Moreover, a separate test on
phenanthrene sorption showed similar partition coefficients
to the treated and the untreated phospholipids (data not
shown). 1H NMR spectra of mixtures of PHEN or TeCB and
phospholipids in chloroform-d (99.8% D) were recorded at
room temperature on a Bruker-DRX 500 MHz spectrometer.
The spectrometer was locked on chloroform-d and chemical
shifts (δ) were internally referenced to TMS. Moreover, 1H
NMR spectra of mixtures of triethylamine cation, used as a
model compound for protonated amine groups of phos-
pholipids, and NAPH, PHEN, PYR, or TCB in chloroform-d
were also acquired.

Results and Discussion
Characterization of Phospholipids. Elemental analysis on
freeze–dried phospholipids gave: C (66.5), H (10.9%), N (1.9%),
and S (<0.5%, below detection) on a weight basis. The
phospholipids used in this study are phosphatidylcholine
(97.1%), which is structured with a polar head composing a
charged amine group and a phosphate group and two long
chains of fatty acid residues (Figure S1, Supporting Informa-
tion). 13C NMR spectra of selected reference standards of
different phospholipids have been summarized in literature
(19). In this study chemical shifts (ppm) of solution-phase

13C NMR spectra from the phospholipids in chloroform
verified regions of methyl/methylene (14.5–34.7), glycerol
and polar headgroup (54.7–70.9), olefinic region (128.2–130.6),
and carbonyl (173.5, 173.9) (Figure S2, Supporting Informa-
tion). Figure S3 in Supporting Information displays the FTIR
spectra of the phospholipids and Cu2+-complexed phos-
pholipids. According to an earlier FTIR study of Lecithin (20),
the bands between 3012 and 2852 cm-1 are assigned to νs

and νas of methyl/methylene, the band at 1737 cm-1 to ν(CO),
the band at 1251 cm-1 to νas(PO4

-), the band at 1094 cm-1

to CH2 wag and CH2 twist, and the band at 1468 cm-1 to a
combination of νas(CN2), δas(CH3), and CH2 sciss. Note
sorption of Cu2+ to phospholipids changes ν(CO) to 1739
cm-1, and νas(PO4

-) to 1246 cm-1, implying Cu2+ complexation
to these functionalities.

Batch Sorption. Sorption isotherms plotted as sorbed
concentration (q, mmol/kg) vs solution concentration (Ce,
mmol/L) at sorption equilibrium are shown in Figure 1 for
selected compounds. Sorption isotherms or single-concen-
tration sorption data with presence of Cu2+ for the same
sorbates are shown together in Figure 1 for comparison.
Phospholipid-water distribution coefficients with and without
the presence of Cu2+ (Kd,Cu and Kd, respectively) were
calculated for all sorbates, and the average values from all
sorption points (isotherm or sing-concentration data) with
standard deviations are listed in Table 1. Ratios of Kd,Cu to
Kd were also calculated for all sorbates and shown in Table
1. Sorption isotherms of the selected compounds (PHEN,
DNB, PHOL, see Figure 1) are highly linear (R2 between 0.97
and 0.99 in linear regression), indicating the predominant
role of hydrophobic effects in sorption. Consistent with the
mechanism of hydrophobic partition, a good linear free
energy relationship was found between Kd and KOW for the
low-polar compounds (PAHs, chlorobenzenes, NBZ, DNL)
(Figure 2). As expected the high-polar compounds (PHOL,
DCP, DNB, TNB) are displaced upward by 0.30–0.91 units
relative to the regression line from the low-polar compounds,
suggesting additive polar (e.g., dipole–dipole) extra-interac-
tions with the functional groups of phospholipids. Earlier
studies have shown similar results that the partitioning of
polar organic solutes is higher than predicted based on the
log Kd vs log KOW relationships from nonpolar solutes (2, 4).

A striking observation can be made is that the presence
of Cu2+ at a low level of 3 mg/L (initial concentration)
increases sorption of the three and four-ring PAHs (PHEN,
ANEN, and PYR) by 1.7–5.2 times (measured as ratio of Kd,Cu

to Kd, see Table 1), while leaves sorption of the rest solutes
nearly unchanged. The three and four-ring PAH molecules
have highly delocalized π-electrons and may act as strong
electron-donors when interacting with electron-deficient
species such as cations. The enhanced PAH sorption by Cu2+

was likely due to cation-π interactions between PAHs and
Cu2+ ions complexed to phospholipid functional groups
(amine, phosphate, carbonyl) (sorption isotherm of Cu2+

shown in Figure S5, Supporting Information). Compared to
the three and four-ring PAHs, the rest compounds tested in
this study are weak π-donor (NAPH) or non-π-donors
(chlorobenzenes, NACs, phenolics, DNL), and therefore
cannot invoke strong cation-π interactions.

Cation-π bonding between electron-rich aromatic struc-
tures and free or complexed metal ions (e.g., Cs+, Ag+, Cu+,
Co(NH3)6

3+, Cu2+) toward molecular recognition and selective
metal binding has been well documented in literature (21–29).
For example, Ag+ and Cs+ were found to be selectively bound
by calixarenes in aqueous solution via cation-π interactions
(21, 22). The cation-π bonding between aromatic π-donors
(thiophene, phenanthrene) and soft transition metal ions
(Ag+, Cu+) complexed on the mineral surface was also
proposed to account for the strong sorptive affinities of these
chemicals (26, 27). The cation-π bonding of complexed Cu2+

VOL. 41, NO. 24, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 8323



with indole rings of neighbor tryptophan residues plays a
key role in connection of the chains of (L-tryptophyl-
glycinato)Cu(II), as well as the exchange interactions between
Cu2+ and the chains (28, 29). It should be noted that in
aqueous solution Cu2+ in fact causes “salting out” effect on
PAHs, i.e., PAH solubility decreases with increasing Cu2+

concentration (30), suggesting no formation of Cu2+-PAH
complexes in aqueous solution. This is because the “des-
olvation penalty” induced by strong Cu2+ hydration is too
high, and the cation-π bonding between Cu2+ and PAHs is
thus prohibited in aqueous solution. However, binding of
Cu2+ to phospholipids is expected to create hydrophobic
microenvironments surrounding the Cu2+ ion, relieving the
“desolvation penalty” and thus facilitating cation-π interac-
tions. Previous studies indicated that cation binding to
hydrophobic subunits of a water soluble host (macrocyclic

polyethers, cryptands, cyclophanes) indeed greatly enhances
the intensities of cation-π interactions in aqueous solutions
(23, 25).

Relationships of Kd vs pH from single-concentration
experiments are shown in Figure 3 for sorption of selected
compounds to phospholipids. For the three strong π-donors,
PHEN, ANEN, and PYR, Kd increases respectively by 2.2, 3.2,
and 4.2 times when pH decreases from ∼7.2 to ∼5.2, but
keeps relatively constant beyond this pH range. Alternatively,
only small changes in Kd (generally<20%) were observed for
other tested compounds (NAPH, DNB, PHOL, and DCB) when
pH decreases from ∼7 to ∼4. Note within this pH range PHOL
is dominated by the neutral form (pKa of phenol is 9.89, ref
31), and other solutes are nonionic. Clearly, the pH effect on
PAH sorption cannot be attributed to changes in hydrophi-
licity of functional groups due to the protonation/deproto-
nation transition because otherwise the same pH effect would
have also been observed for other solutes. We propose that
the enhanced sorption of three and four-ring PAHs at low
pH was due to cation-π interactions between PAHs (electron-
donors) and the protonated amine groups (electron-accep-
tors) of phospholipids. Discovery of the cation-π bonding
between the ammonium subunit of acetylcholine and the
aromatic tryptophan side chain (32) was considered a
breakthrough in studying host–guest (e.g., protein–ligand)
binding in biochemistry. Intensive research has been con-
ducted thereafter on complexation of organic cations with
synthetic receptors, including calixarenes and cyclophane
(33–35). Decreases in pH make larger fractions of protonated
amine groups that may act as electron-acceptors. Titration
of phospholipids in aqueous suspension by HCl confirmed
protonation of functional groups at pH between 4.6 and 7.1
(Figure S4, Supporting Information), which corresponds well
to the pH range (5.2–7.2) for large changes in PAH sorption,
providing extra support for the mechanism of cation-π
bonding. The rest compounds tested in pH studies are non-
π-donors (DNB, PHOL, and DCB) or weak π-donor (NAPH),
and therefore did not show protonation facilitated sorption
via cation-π bonding.

We recently proposed cation-π bonding with transition
metal ions (Ag+, Cu2+, Fe3+) and charged amine groups on
the bacterial surface, which is structured with multibiopoly-

FIGURE 1. Isotherms or single-concentration data (four or five replicates) plotted as equilibrium sorbed concentration (q) vs aqueous
phase concentration (Ce) with and without presence of Cu2+. (a) PHEN. (b) PHOL. (c) DNB. Lines represent linear model fittings to
sorption isotherms.

FIGURE 2. Phospholipid-water distribution coefficient (Kd) vs
n-octanol–water partition coefficient (KOW) for different solutes.
The line and equation are from linear regression on low-polar
compounds (PAHs, chlorobenzenes, NBZ, DNL) shown in solid
circles. High-polar compounds (PHOL, DCP, DNB, TNB) are
shown in empty circles.
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mers (e.g., polysaccharide, cross-linked shot peptides, lipo-
proteins, organic acids), responsible for the stronger facili-
tated sorption of phenanthrene (electron-donor) compared
to tetrachlorobenzene (nonelectron-donor) (16). In this study,
consistent effects by cobinding of proton and Cu2+ were
observed on PAH sorption to a neat biopolymer of phos-
pholipids. The observations further support the mechanism
of cation-π bonding in PAH sorption to the bacterial surface.

Considering the wide distribution of phospholipids and
their derivatives in the environment, the PAH sorption
facilitated by metal and proton binding to these biopolymers
may have a profound impact on the environmental fate of
PAHs. Furthermore, because phospholipids are major con-
stituents of the cytoplasmic membrane, the results also imply
that coexisting heavy metal ions may affect the transport of
PAH molecules into the membrane and possibly the associ-
ated toxic effects. It is worth noting although the enhanced
sorption observed in this study is only a factor of 2–5 times
in Kd, translated to free energies of 1.7–3.9 kJ mol-1, it may
heavily disturb the fine-tuned biological systems that have
been in long-term evolution to take advantage of small
thermodynamic gradients. For example, the potassium
channel in cellular membranes can selectively extract K+

over Na+ at a ratio of 1000:1 from aqueous solution using the
cation-π bonding mechanism despite the small difference

in binding energy (1.4 kcal/mol) between 1:1 complexes of
K+-benzene and Na+-benzene (36).

Solubility Enhancement Studies. Figure 4 shows the
saturated solubility of anhydrous CuSO4 vs concentration of
NAPH, PHEN, PYR, and TCB in chloroform. Clearly, the
presence of π-donor PAHs increases the solubility of CuSO4,

FIGURE 3. Phospholipid-water distribution coefficient (Kd) vs pH at fixed initial concentrations (shown in parentheses) for different
solutes. (a) PHEN (0.0049 mmol/L). (b) ANEN (0.0014 mmol/L). (c) PYR (0.0012 mmol/L). (d) DCB (0.033 mmol/L). (e) NAPH (0.028 mmol/L).
(f) DNB (0.098 mmol/L). (g) PHOL (0.0076 mmol/L).

FIGURE 4. Ratio of saturated solubility of CuSO4 (S1) in mixtures
of π-donors, NAPH, PHEN, and PYR, and non-π-donor control,
TCB, in chloroform to saturated solubility of CuSO4 in neat
chloroform (S0, 0.012 ( 0.006 mg/L) vs solute concentration (C).
Error bars, in some cases smaller than the symbols, represent
standard deviations calculated from three replicates. Lines are
for visual clarity only.
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and the solubility enhancement correlates with π-donor
ability of PAH (PYR > PHEN > NAPH). NAPH, PHEN, and
PYR increase the solubility up to 4 ( 1 times (measured as
ratio to saturated solubility in neat chloroform, with standard
deviations calculated from three replicates), 5( 1 times, and
37(5 times, respectively, with the examined concentrations.
In contrast, the saturated solubility of CuSO4 in chloroform
keeps nearly constant when the concentration of TCB, a non-
π-donor, increases to similar levels. The results strongly
suggest that cation-π complexes are formed between PAHs
and Cu2+ in chloroform. In a media of organic solvent like
chloroform, the cation-hydration induced “desolvation pen-
alty” no longer exists, and therefore cation-π bonding is
thermodynamically favored. One can imagine that the
hydrophobic aliphatic residues of phospholipids are some-
how coiled to encompass the complexed metal ions, which
facilitates cation-π bonding of the metal ion in the aqueous
phase by relieving the “desolvation penalty”.

Solution-Phase 1H NMR Studies. The electron coupling
between protonated amine groups of phospholipids and
PAHs is supported by observations in the solution-phase 1H
NMR experiments. Placing a nucleus above or below the
plane of an aromatic structure results in electronic shielding
due to the “ring current” effect (37). Thus when cation-π
complexes are formed between ammonium cations and
PAHs, upfield chemical shifts (shielding) of proton/carbon
resonances would be expected for the cation, and cor-
respondingly downfield chemical shifts (deshielding) for the
PAH. In previous studies 1H NMR and 13C NMR upfield shifts
of the phenyl and methyl groups of trimethylphenyl am-
monium have been used to verify inclusion of the cation
into the cavity of cone-shaped p-sulfonatocalix[4]arene in
water (33). Compared to non-π-donor TeCB, a clear trend
of 1H NMR downfield shifts (up to 0.02 ppm) was observed
for π-donor PHEN with increasing protonation of phospho-
lipid functional groups as pH decreases from 6.0 to 3.0 (Figure
5a). The observation is best described by the acidification-
enhanced cation-π bonding between the protonated amine
groups of phospholipids and PHEN.

To further verify cation-π bonding between PAHs and
the protonated amine groups of phospholipids, the 1H NMR
spectrum was collected for a model compound, triethylamine
cation in chloroform with presence of π-donor. High 1H NMR
upfield shifts (shielding) of triethylamine cation (up to 0.24
ppm for N+H, 0.83 ppm for N+CH2–, and 0.62 ppm for –CH3)
were observed in mixtures of NAPH, PHEN, and PYR, and
the shifts also correlate with π-donor strength of PAH (PYR
>PHEN>NAPH) (Figure 5b). Alternatively, negligible upfield
shifts (0.01 ppm) were observed for TCB considered a non-
π-donor. These results indicate cation-π bonding between

triethylamine cation and PAHs in chloroform. To be con-
sistent with the 1H NMR results, we showed in earlier studies
(16) that the aqueous solubility of phenanthrene (π-donor)
is much more enhanced than pentachlorobenzene (non-π-
donor) by triethylamine cation, implying cation-π bonding
between the cation and phenanthrene in aqueous solution.
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