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Solubilization of mixed phenanthrene (PHE) and pyrene (PYR) in Triton X-100 (TX), sodium dodecyl sulfate
(SDS) and mixed TX-SDS surfactant solutions were done to observe their cosolubilization effect. Moreover, mo-
lecular dynamics (MD) simulations were performed to reveal how polycyclic aromatic hydrocarbons (PAHs) co-
exist in the micelle. Cosolubilization of PHE and PYR exhibited synergism along with decreasing synergistic
extent with increasing SDS in mixed micelle. MD simulations verified the distribution of PHE and PYR in the
shell and core regions of pure SDS and mixed SDS-TX micelles (with molar ratio of 1: 1), which were chosen
as the representative systems for simulation study. The movement of PHE and PYR inside the micelle along
with their different probability to contact with SDS non hydrogen atoms in pure SDS and mixed SDS-TX solubi-
lization systems suggests the different solubilization sites of the two PAHs inside the micelle leading to their co-
existence in the micelle. This study implies the significance of considering cosolubilization effects between PAH
mixtures in determining surfactant concentration for environmental remediation.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

With increasing industrialization and urbanization around the
world, there is an increasingdemand and consumption of fossil fuels. In-
complete combustion or pyrolysis of the fossil fuels has produced a
group of ubiquitous organic contaminants such as polycyclic aromatic
hydrocarbons (PAHs) [1,2]. PAHs are a global environmental concern
due to their carcinogenic, teratogenic and mutagenic effects on both
human and ecosystem [3,4]. Due to their hydrophobicity, PAHs incline
to deposit into soil [5]. Surfactant-enhanced remediation (SER) has
been studied and assessed as an efficient technology for the decontam-
ination of PAHs from soil [6–9]. Surfactants' solubilization power to-
wards PAHs is one of the main drivers governing SER efficiency. Most
studies focused on observing solubilization of individual PAHs into sin-
gle, binary or ternary surfactant systems [10–15]. However, PAHs exist
in complex mixtures in contaminated sites. Previous reports have
shown that cosolubilization of mixed organic pollutants in surfactant
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micelles exhibits inconsistent effects - synergistic, inhibitive or little
impact on each other's solubility [16–20]. At present, researches
concerning cosolubilization of mixed low-molecular-weight (LMW,
molecules formed by 2- and 3- benzene rings) and high-molecular-
weight (HMW,molecules composedof ≥4 benzene rings) PAHs in single
and binary surfactant systems are limited.

Cosolubilization effect between mixed PAHs has been related to the
solubilization sites of PAHs inside surfactant micelles. Rouse et al. found
that, fluorene and phenanthrene (PHE) could compete for a similar
locus in the micelle due to their resemble hydrophobicity, thus contrib-
uting to their decreasing solubility when coexisted in surfactant solu-
tions [18]. Yang et al. also found that solubilization of naphthalene
(NAP) and pyrene (PYR) in micelle shell could reducemicelle-water in-
terfacial tension and increasemicelle internal volume to solubilizemore
NAP and PYR with different solubilization sites [19]. The locus of PAHs
inside the micelle can be detected by various experimental techniques
such as NMR [21], UV–visible [22] and fluorescence [23] spectroscopy.
However, due to the small size of the micelle and the existence of sol-
vents, it is difficult to attain a clear andmicroscopic view of the distribu-
tion of PAHs inside the micelle using the experimental approaches. By
using molecular dynamics (MD) simulation approaches, Liang et al. ob-
served that NAP and PYR could dynamically partition in the shell and
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core regions of a micelle formed by 60 sodium dodecyl sulfate (SDS)
monomers due to the movement of the two PAHs inside the micelle
[24]. Although the distribution of single PAHs inside the micelle has
been revealed, how mixed PAHs coexist inside the micelle remains
unclear.

Herein, in this study, the solubilization and cosolubilization of
mixed LMW and HMW PAHs in pure SDS, Triton X-100 (TX) and their
mixed surfactant solutions was firstly investigated. Then pure SDS
micelle and mixed SDS-TX micelle (with molar ratio of 1: 1) were se-
lected as representative systems for performing MD simulations of
cosolubilization of PAH mixtures to observe the potential mechanisms
controlling their coexistence in the micelle. PHE and PYR were chosen
asmodel LMWandHMWPAHs, respectively, due to theirwide distribu-
tion in urban and coking plant soil [25,26]. This study will further our
understanding of cosolubilization mechanisms of PAH mixtures in sur-
factant micelles.

2. Materials and methods

2.1. Chemicals

PHEand PYRwith puritiesN 98%were purchased fromSigmaAldrich
Chemical Company. TX (purity ≥ 99%) and SDS (purity 98%) were cho-
sen as the model nonionic and anionic surfactants, respectively, since
Fig. 1. Physicochemical properties and carbon numbers of (a) pyrene (PYR), (b) phenanthrene (
clarity in numbering the carbon atoms. The physicochemical properties of PHE and PYR are cit
which is computed with the trjVoronoi program [30,31]. CMC means the critical micelle concen
they were widely used in industry and subsurface remediation
[27,28]. The two surfactants were also obtained from Sigma Aldrich
Chemical Company. Physicochemical properties of PHE, PYR, TX and
SDSwere listed in Fig. 1. Deionizedwaterwas used for preparing surfac-
tant solutions. HPLC-grade methanol (Shanghai Anpel Scientific Instru-
ment Co., Ltd) was used for standard solution preparation and sample
dilution.

2.2. Solubilization experiments

Solubilization experiments were done according to the previous re-
port [17]. Briefly, an excess amount of solid PHE and PYR with single or
binary combinations were weighted to 30 mL borosilicate vials. Then,
20 mL of surfactant solutions with TX/SDS molar ratio of 5/0, 4/1, 1/1,
2/3 and 0/5 were added to each vial. Surfactant concentrations for
pure SDS solubilization systems were set as 10, 20, 30, 40 and 50 mM,
whereas the other solubilization systems were 2, 4, 6, 8 and 10 mM.
The surfactant concentrations set were all above their CMC [17]. After-
wards, the vials were equilibrated on a reciprocating shaker for 48 h
at 150 rpm and 25 °C. Then, the vials were centrifuged at 4000 rpm
for 1 h to separate the solid and aqueous phases, and an adequate vol-
ume of the supernatant was taken and diluted with methanol for
HPLC analysis. Standard solutions were prepared by dissolving mixed
PHE and PYR in methanol and stored at 4 °C for further use.
PHE), (c) SDS, and (d) Triton X-100 (TX). The proton atoms of SDS and TX are removed for
ed from Ref. [29]. V means the molecular Voronoi volume of PHE/PYR in our simulations,
tration of SDS and Triton X-100, which were cited from Ref. [17].
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2.3. Analytical methods

The samples were analyzed on an Agilent 1200 HPLC equippedwith
a diode array detector and an Agilent Eclipse XDB-C18 column (5 μm,
4.6 × 150 mm). The mobile phase was 70/30 (v/v) methanol/water.
The flow rate was set at 1.0 mL min−1. The detection wavelength was
set at 234 nm for PYR and 250 nm for PHE. Surfactants in the samples
were low enough to avoid interference during PAHs detection.
Table 1
Molar solubilization ratio (MSR) and micelle-water partition coefficient Km of phenan-
threne (PHE) and pyrene (PYR) in the solubilization systems.

TX/SDS PHE PYR

MSR/Km (105)a MSR/Km (106)a

PHE PHE-PYR PYR PYR-PHE

5/0b 0.13/9.66 0.15/10.47 0.044/6.14 0.052/6.32
4/1 0.086/6.65 0.095/7.02 0.036/5.07 0.040/5.14
1/1 0.058/4.60 0.062/4.78 0.023/3.28 0.026/3.48
2/3 0.053/4.22 0.055/4.29 0.020/2.86 0.021/2.85
0/5 0.032/2.60 0.032/2.58 0.010/1.44 0.010/1.40

a Error limits of MSR and Km are within 2%.
b Values taken from Ref. [40].
2.4. Molecular dynamics simulations ofmixed PHE and PYR in pure SDS and
mixed SDS-TX micelle

Three MD simulation systems were done to compare the
cosolubilization characteristics of PAHmixtures in differentmicelle sys-
tems. System I as pure SDSmicelle solubilization systemwas composed
of 60 SDS, 8 PHE and 5 PYR molecules. System II as mixed SDS-TX mi-
celle system was formed by 32 SDS and 31 TX molecules to represent
an SDS/TXmolar ratio of 1/1. The components of System III were similar
to System II except the addition of 10 PHE and 7 PYR molecules to sim-
ulate mixed micelle solubilization system. The aggregation number of
pure SDS and mixed SDS-TX micelle with molar ratio of 1/1 was set ac-
cording to previous fluorescence quenching experiments [32,33] and
MD simulations [34,35]. The numbers of PHE and PYR added in the sol-
ubilization simulation systemswere estimated fromour enhanced solu-
bilization experiments. All the molecules in this study were modeled
with the CHARMM force field. In the case of SDS and TX surfactants,
the parameters available in the CHARMM distribution [36,37] and de-
scribed in Yordanova et al. [38] were used, respectively. For PHE and
PYR, the bonded and non-bonded parameters were based on the
CHARMM general FF (CGenFF) [39,40].

All MD simulations were performed using the GROMACS 5.0.4
package [41,42]. Simulation details were given in our previous study
with slight modifications [24]. In brief, the surfactant monomers in
each simulation system were preassembled as a spherical aggregate
using Packmol [43]. The prepacked micelle was then inserted into a
cubic box of ~10 nm on each side, with PHE and PYR introduced ran-
domly around the micelle surface. Water was modeled with the
CHARMM TIP3P model [44]. Sodium ions were added to neutralize
the system. Then, the constructed system was energy minimized with
the steepest descent algorithm (b1000.0 kJ/ mol nm−1). Afterwards,
the NVT (T = 300 K) and NPT (T = 300 K and P = 1.015 bars) ensem-
bles were used to equilibrate the system for 400 ps and 1 ns, respec-
tively. During NVT and NPT, the temperature and pressure were
controlled by the v-rescale [45] thermostat (τT=0.1 ps) and Berendsen
[46] barostat (τP = 2.0 ps). During these periods the SDS and TX mole-
cules were allowed to relax, whereas the PAHs were kept fixed. Finally,
the production runs were carried out at T = 300 K and P = 1.015 bars
with the temperature and pressure controlled by the v-rescale
thermostat [45] (τT = 0.1 ps) and the Parrinello-Rahman [47,48]
barostat ((τP = 3.0 ps). Periodic boundary conditions were used with
a time step of 2 fs for integrating the equation of motions. The Particle
Mesh Ewald method [49] was used to compute the long range electro-
static interactions with a cutoff of 1.2 nm. The Lennard-Jones interac-
tions were treated with a switch potential with rvdw-switch = 1.0 nm
and rvdw = 1.2 nm.

To estimate the length of production time for each simulation sys-
tem, the radius of gyration Rg, of the micelle or micelle-PAH complex
as a function of time was computed. As shown in Fig. S1, Rg of the SDS
micelle-PAH complex in System I reached stable at around 1.65 nm
after ~124 ns, meaning that all PAH molecules have partitioned into
the SDS micelle. To have enough sampling for analyzing simulation re-
sults, the production runs were then continued for another 80 ns after
all PAHs partitioned into the micelle in System I. As for Systems II and
III, Rg of mixed SDS-TXmicelle or mixed micelle-PAH complex was sta-
ble at ~2.00 nm during the simulation time (Fig. S2). The micelle size of
the pure SDS andmixed SDS-TXmicelle are close to the previous reports
[32,34,50].

It is difficult to differentiate the time when all PAH molecules enter
into the micelle in System III. Therefore the instantaneous distance be-
tween the center of mass (COM) of PHE/PYR and mixed micelle in Sys-
tem III was calculated. As shown in Fig. S3, the COM distance between
PHE/PYR and micelle kept within ~2.60 nm after 20 ns in System III, in-
dicating that all PAH molecules have entered into the mixed micelle.
Due to the slightly larger size of mixed SDS-TX micelle than pure SDS
micelle, a production run of ~120 ns was done to ensure enough sam-
plings for analysis. The trajectories were analyzed by GROMACs tools
and home-made programs.

3. Results and discussion

3.1. Solubilization and cosolubilization of PHE and PYR in different surfac-
tant systems

Surfactants' solubilization potential towards PHE and PYR was char-
acterized by themolar solubilization ratio (MSR) and themicelle-water
partition coefficient, Km. MSR is defined as the number of moles of com-
pounds solubilized per mole of surfactant micelle, which can be com-
puted directly from the slope of linear fitting of the solubilization
curve [51]. Detailed methods to compute Km for single and mixed PAH
solubilization systems are described in the Supporting Information. Fur-
thermore, to quantify the cosolubilization effects, the deviation ratio
RΔMSR is defined [17,19]:

RΔMSR% ¼ MSRbinary−MSRsingle

MSRsingle
� 100% ð1Þ

where, MSRsingle andMSRbinary are MSR values of a given solute in a sin-
gle solubilization and a binary cosolubilization system, respectively.

The MSR, Km and |RΔMSR| of PHE and PYR in their single and binary
mixed state in different solubilization systems are listed in Tables 1
and 2.

In single PHE solubilization system, the MSR of PHE in pure SDS so-
lutionswas 0.032, in accordancewith the reported values, 0.031 [17,52].
In single PYR solubilization system, the MSR of PYR in pure SDS solu-
tions was 0.010, the same as the reported value, 0.010 [53]. Moreover,
the MSRs of PHE and PYR increase with increasing TX in the micelle.
In all solubilization systems, PHE had lowerKm values than PYR, indicat-
ing that PYR had stronger affinity to themicelle due to the larger logKow

value of PYR.
As shown in Fig. 2 and Table 1, cosolubilization of PHE and PYR in

mixed TX-SDS (mole ratio, 4:1) surfactant systems exhibited synergistic
effect, namely solubility of PHE and PYR was both increased when
added simultaneously in surfactant solutions. Synergism between PHE
and PYR was also occurred in other surfactant systems (Figs. S4–S7).
Furthermore, the synergistic extent between PHE and PYR decreased
with increasing percentage of SDS in the mixed micelle, reaching the



Table 2
RΔMSR, ΔGexcess

° and ω/RT between binary mixtures of phenanthrene (PHE) and pyrene
(PYR) at 25 °C in different surfactant systems.

TX/SDS |RΔMSR| (%) ΔGexcess
° (kJ/mol) ω/RT

PHE PYR

5/0 15.38 18.19 −3.02 −6.33
4/1 10.46 11.11 −2.40 −4.62
1/1 6.90 13.04 −1.45 −2.79
2/3 3.77 5.00 −0.89 −1.78
0/5 0 0 0.90 2.00

Error limits of RΔMSR, ΔGexcess
° and ω/RT are ±2%.
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minimum in pure SDS solutions. The synergism was furtehr quantified
by the deviation ratio |RΔMSR|. As indicated in Table 2, |RΔMSR| generally
decreases with increasing SDS in mixedmicelle. Cosolubilization syner-
gism between PAHs with different log Kow values was observed in pre-
vious studies [16,21]. They presumed that PAHs solubilized in micelle
shell could reduce the micelle-water interfacial tension thus increasing
the micelle internal volume to solubilize more PAHs with different sol-
ubilization sites inside the micelle. Therefore, synergism between PHE
and PYR is assumed to be: i) PHE and PYR can reside in both shell and
core regions of the micelle according to the 1H chemical shifts data in
previous reports [17,19]; ii) PHE and PYRmay have different solubiliza-
tion sites owing to their different hydrophobicity (Fig. 1); iii) PAHs sol-
ubilized in the shell region are able to decrease the interfacial tension,
enabling the micelle volume to increase cooperatively to some extent
for solubilizing more solutes [54]; and iv) PYR has stronger affinity to
Fig. 2. Enhanced solubility of phenanthrene (PHE) and pyrene (PYR) as individual
compounds and their respective dual mixtures in TX/SDS (4/1) mixed surfactant
systems. Symbols represent experimental values, and lines represent linear regression.
The error bars stand for the standard deviation of the triplicate samples at each
concentration and are, in most cases, smaller than the symbols.
themicelle than PHE due to its larger Kow (Fig. 1), leading to its stronger
solubility enhancement. The decreasing synergistic extentwith increas-
ing SDS is due to the decrease of micelle size with increasing SDS in the
micelle.

Two thermodynamical parameters, excess Gibbs energy ‘ΔGexcess
° ’

and interaction parameter ‘ω/RT’, introduced by Nagadome et al. [55]
and Masrat et al. [56], were used to further interpret the miscibility be-
tweenPHE and PYR in themicelle. The excess Gibbs energy ‘ΔGexcess

° ’ and
interaction parameter “ω” can be computed as described below [17].

The solubilization equilibria when PAHs are used in excess can be
expressed as follows:

Solid PAH crystalð Þ⇌Kd
Singly dispersedPAHin bulk⇌

Km
SolubilizedPAHinmicelles

↓ ↓
ΔG °

d ¼ −RT lnKd ΔG °
m ¼ −RT lnKm

where Kd is taken equal to its water solubility, SCMC. The equilibrium
constant of solubilization corresponding to the translation from the
solid state to the solubilized state in micelles is, therefore, given by

Keq ¼ Kd � Km ð2Þ

herein Km is the partition coefficient of PAHs between aqueous phase
and micellar phase. Values of Km were calculated from Eq. (S1) in the
Supporting Information for single solubilization system. For
cosolubilization of two solid solutes, A and B, the total equilibrium con-
stant of cosolubilization will be calculated by

Kmix
eq ¼ KA

d � KA
m

� �
� KB

d � KB
m

� �
ð3Þ

where Km
A and Km

B are their respective partition coefficients inmixed sol-
ubilization systems and can be computed by Eq. (S2). Consequently, the
Gibbs free energy change of single solubilizate system and two
solubilizates system will be represented as follows:

ΔG ° ¼ −RT lnKeq ð4Þ

ΔG °
mix ¼ −RT lnKmix

eq ð5Þ

If the mixture is ideally formed, the molar Gibbs energy of ideal
mixing ΔGmix

° (ideal) should satisfy the additive rule as

ΔG °
mix idealð Þ ¼ XAΔG °

A þ XBΔG °
B ð6Þ

XA and XB are themole fractions of the two species ‘A’ and ‘B’within
the micelles on the solubilizate only basis and were computed as

XA ¼ MSRA

MSRA þMSRB
ð7Þ

The difference between the real value of the free energy change
ΔGmix

° and ΔGmix
° (ideal) gives the excess Gibbs energy

ΔG °
excess ¼ ΔG °

mix− XAΔG °
A þ XBΔG °

B

� �
ð8Þ

The interaction parameter ‘ω’, signifying the cohesive forces be-
tween the unlike solubilizates are calculated based on the excess
Gibbs energy and expressed as the following equation:

ω ¼ ΔG °
excess

XAXB
� � ð9Þ

The negative values of ‘ω/RT’ obtainedmean that the interaction be-
tween two solutes was enhanced, and two solutes are more miscible
with lower ‘ω/RT’ values [55,56]. Computed ΔGexcess

° andω/RT are listed
in Table 2. The computed ΔGexcess

° and ω/RT increase with increasing
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mole ratio of SDS in the mixed micelle, meaning that the miscibility be-
tween PHE and PYR becomes weaker with increasing SDS. This verifies
that the decreasing micelle size with increasing SDS is sterically unfa-
vorable for solubilizing PAHs, contributing to the decreasing synergistic
extent.

Although NMR chemical shifts show that PHE and PYR could distrib-
ute in both the shell and core regions of the micelle, whether they have
different solubilization sites inside the micelle is difficult to be directly
revealed by the experimental approaches. Hence, in the following
sections, the MD results describing solubilization of mixed PHE and
PYR in pure SDS andmixed SDS-TXmicelle will be presented to provide
a direct view of how PAHs coexist inside the micelle.

3.2. Distribution andmovements ofmixed PHE and PYR in differentmicelles

3.2.1. Distribution of mixed PHE and PYR in the micelle
To observe the locus of PHE and PYR in the SDS and mixed SDS-TX

micelle, the radial density profiles (RDPs) of corresponding SDS sub-
units (i.e. headgroup, C1, C6 and C12), TX subunits (.i.e. ethylene
oxide (EO) chain and tail carbon atoms) and the center of mass
(COM) of PHE/PYR with respect to the micelle COM were computed
(Fig. 3).

As shown in Fig. 3a the RDP of the SDS headgroup exhibits a strong
peak at about 2.0 nm from the micelle COM corresponding approxi-
mately to the micelle size represented by the Rg values given in the
Section 2.4. Water RDP has a wide overlap with the RDPs of SDS
headgroup, C1 and C6 atoms, which means that water could not only
solvate the SDS headgroup, but also penetrate to a limited extent into
the micelle hydrophobic region. The RDP of the SDS C1 atom shows
maxima at around 1.8 nm indicating its main locus in the micelle sur-
face. C6 mainly located at distance about 1.2 nm from the micelle
COM. C12 shows wide RDP meaning that C12 can distribution in both
micelle core and shell regions. The computed RDPs of SDS subunits in
the mixed PAH solubilization system is similar to that for pure SDS mi-
celle observed in the previous work [24], which means that solubiliza-
tion of PHE and PYR inside the micelle has little impact on micelle
internal structure. In terms of PHE and PYR, both of them obtains peak
Fig. 3. Radial density profiles of SDS subunits, TX subunits, phenanthrene (PHE) and pyrene (
Headgroup, C1, C6, and C12 represent the subunits belonging to the SDS molecule, as depicte
Panel (b): results computed from Systems II (dashed line) and III (solid line).
RDPs at around 1.5 nmandnearmicelle core,meaning that they can dis-
tribute in the micelle shell and core regions simultaneously when
coexisted in the micelle. This is in line with our experimental studies.
Yang et al. [19] observed that the 1H chemical shift of all hydrogen
atoms belonging to sodium dodecyl benzene sulfonate (SDBS) was sig-
nificantly changed by the solubilization of PYR, indicating the presence
of PYR in both the micelle shell and core regions of SDBS. Furthermore,
changes of the SDS 1H chemical shifts were observed after the solubili-
zation of PHE inside the micelle [17].

Fig. 3b shows that in the mixed SDS-TX simulation system (System
II), water RDP has a wide overlap with the RDPs of SDS headgroup, C1
and C6 atoms, TX tail carbon atoms and TX EO chains. The RDP of SDS
headgroup ranges from 1.2 to 3.2 nm with a peak at ~1.8 nm. The
RDPs of the SDS C1 and C6 atoms shows maxima at ~1.6 nm and
1.0 nm from the micelle COM. Both SDS C12 and TX carbon atoms
show wide RDP meaning that they can distribute in both micelle core
and shell regions. The RDP of TX EO chain covers a wide range
(0.4–3.8 nm) along with a peak at ~1.8 nm. The wider RDP of TX EO
chain than SDS headgroup implies the incorporation of SDS molecules
into TX aggregates in the mixed SDS-TX micelle system, which is in ac-
cordance with that described byWang et al. [57], who reported the in-
sertion of SDS into TX micelles through 2D NOESY NMR investigations.
In terms of PHE and PYR, both of them obtains wide RDPs from micelle
core to micelle surface, implying their simultaneous distribution in the
micelle shell and core regionswhen coexisted in mixed SDS-TXmicelle.
Interestingly, unlike pure SDS micelle solubilization system (System I),
the solubilized PHE and PYR molecules could expel SDS and TX mole-
cules away from micelle core, causing the slight shift of the RDPs of
SDS and TX subunits from micelle center. This may make PHE and PYR
easier to stay in the core ofmixed SDS-TXmicelle than pure SDSmicelle,
as verified by the higher percentage of simulation time for PHE/PYR to
stay in micelle core in System III than System I (Section 3.2).

Though theRDPs of PHE andPYR verify the partition of the two PAHs
in both the shell and core regions of the micelle, it is difficult to reveal
the preferred locus of PAHs in mixed PAH solubilization systems, espe-
cially along the surfactant alkyl chains. Hence, the probability distribu-
tion that a given SDS heavy atom or TX backbone carbon atoms is
PYR) with respect to the micelle center of mass in (a) System I and (b) Systems II and III.
d in Fig. 1c. EO and tailC represent the subunits of TX molecule, as illustrated in Fig. 1d.



Fig. 5. Variations of the amplitude of displacement (AD) of (a) SDS carbon atoms and
(b) TX carbon atoms in Systems I–III. The carbon numbers correspond to their positions
along the SDS and TX chain, as shown in Fig. 1.

6 X. Liang et al. / Journal of Molecular Liquids 263 (2018) 1–9
closest to the C5 atoms of PYR and C6 atoms of PHE is computed. The
probability distributions were determined by first calculating the mini-
mumdistances between any SDSheavy atom/TXbackbone carbon atom
and the PYR C5 or PHE C6 atoms. Then, a tally of the closest heavy atom
in the SDS or TXmolecule and the C5 or C6 atoms in the PAHmolecules
were kept. This information was then normalized.

As shown in Fig. 4a, both the C5 atoms of PYR and the C6 atoms of
PHE have no contact with the sulfur atoms of SDS in Systems I and III
due to the steric and electrostatic energy barriers stemming from the
three oxygen atoms surrounding the sulfur [58]. Furthermore, PHE
and PYR exhibit different probability to contact with different SDS
heavy atoms in Systems I and III. Specifically, in mixed PAH systems,
the order of the probability of the two PAHs to contact with the oxygen,
front and terminal carbon atomsof SDS follows: PHE N PYR, whereas the
probability to contact with the middle carbon atoms (i.e. C5-C10) fol-
lows: PYR N PHE. However, it is shown that PHE and PYR have similar
probability to contact with TX backbone carbon atoms (Fig. 4b).

To further illustrate the different trends of PAHmolecules to contact
with SDS alkyl and TX backbone chains, the internal dynamics of SDS
alkyl/TX carbon atoms and C5 atoms of PYR and the C6 atoms of PHE
were examined by computing their amplitude of displacements (ADs).
Fig. 4. Normalized probability distribution of C5 atoms of pyrene (PYR) and C6 of
phenanthrene (PHE) to contact with (a) SDS heavy atoms and (b) TX backbone carbon
atoms. The C5 atoms of pyrene (PYR) and C6 of phenanthrene (PHE) are adjacent to the
center of mass of the two PAH molecules, as depicted in Fig. 1. The C20, C21, C22 and
C23 in Panel (b) mean C24, C25, C28 and C29 atoms of TX (Fig. 1d). The black and red
lines in Panel (a) mean the probability of PHE and PYR to contact with SDS heavy atoms
in System I. The blue and magenta lines in Panels (a)–(b) represent the probability of
PHE and PYR to contact with SDS heavy atoms and TX main carbon atoms in System III,
respectively.
The ADs were calculated according to the method described by Aoun
et al. [59]. As presented in Fig. 5, in themixedmicelle solubilization sys-
tem (System III), the ADs of TX carbon atoms are in the range of 4–7 Å,
which are larger than that of the SDS carbon atoms (3–4.2 Å) and PHE
C6 atom (3.21 ± 0.04 Å) and PYR C5 atom (3.05 ± 0.05 Å). The larger
ADs of TX carbon atoms may facilitate their contact with PHE and PYR
molecules contributing to the similar probability of PHE and PYR to con-
tact with TX backbone carbon atoms. Furthermore, the ADs of SDS car-
bon atoms (4.5–6 Å), PHE C6 atom (4.97 ± 0.10 Å), and PYR C5 atom
(4.90 ± 0.11 Å) in System I are greater than that observed in System
III. This further verifies the incorporation of SDS molecules into the ag-
gregate formed by TXmolecules in themixedmicelle solubilization sys-
tem. Since PHE and PYR have similar ADs as SDSmolecules in both pure
SDS solubilization system (System I) and mixed SDS-TX solubilization
system (System III), the different probability of the two PAHs to contact
with the SDS heavy atoms indicates their different solubilization sites
inside themicelle to coexist inside the micelle. Moreover, solubilization
of PAHs in the mixed SDS-TX micelle has little impact on micelle inter-
nal dynamics (Fig. 5). The ADs of SDS alkyl carbon atoms computed
from System I are similar to the ADs for pure SDS micelle as computed
in the previous study [24].

3.2.2. Movements of PAHs in SDS and mixed SDS-TX micelle
In our previous work, NAP and PYR were found to exchange fre-

quently between micelle shell and core region during the simulation
time [24]. Movement of PHE and PYR in the mixed PAH solubilization
system was also observed. As shown in Fig. 6 under mixed PHE/PYR
condition, the marked PHE/PYR located in the core region can move
towards the micelle surface, as do the other PHE/PYR molecules,
and vice versa. Through measuring the fluorescence lifetime of 2-
ethylnaphthalene (2EN) in several cationic micelles such as dodecyl
trimethylammonium chloride, Cang et al. [60] found that 2EN could
exchange between the shell and core regions of the micelle on a nano-
second time scale.

To quantify the duration of PHE and PYR to stay in micelle shell and
core regions, the time percentage of the two PAHs to stay in each region
of the micelle was computed. As shown in Table 3, PHE and PYR spend
relatively high percentage of simulation time to stay in themicelle shell
(75–79% in System I within 80 ns production time and 63–67% in Sys-
tem III within 120 ns production time), suggesting their preference to
stay in micelle shell. Yet in the mixed micelle solubilization system, it
is interesting that PHE and PYR exhibited higher percentage of time to
stay in the core region than in pure SDS micelle (System I). This may
be attributed to the possibility of PHE/PYR to slightly expel SDS and



Fig. 6. Representative snapshots showing the movement of phenanthrene (PHE) and pyrene (PYR) in the micelle extracted from Systems I (a–d) and III (e–f). PHE is denoted by orange,
except one that ismarked as blue to show its translation frommicelle core to surface. PYR is denoted by green, except one that ismarked as red to show its translation frommicelle core to
surface.
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TX frommicelle core (Fig. 3) enablingmore core volume for solubilizing
PHE/PYR. The probability distribution of the distance between PAH and
micelle COM, as well, indicates that PHE/PYR exist higher probability to
stay in the shell (Fig. 7). Fig. 7 also indicates that PHE/PYR gain higher
probability to stay in micelle core in mixed SDS-TX micelle (System
III) than in pure SDS micelle (System I). Marqusee and Dill [61] pro-
posed that most solutes, like arenes, should prefer the shell region of
a spherical micelle due to the greater volume available there. By com-
puting the micelle asymmetric parameter α defined by She et al. [62],
it is interesting to find that α values for each system are around 0.10
meaning that the micelle is almost spherical in each simulation system.
Hence, the entropic preference of PHE/PYR to occupy the larger volume
of the micelle shell region may be one reason contributing to their
preferable locus in micelle shell. Furthermore, though under
cosolubilization conditions, PHE and PYR all prefer to stay in the shell,
the movement of the two PAHs inside the micelle along with their dif-
ferent probability to contact with SDS heavy atoms (Fig. 4) indicates
their different solubilization sites in the micelle, contributing to their
possibility to coexist in the micelle.
Table 3
Percentage of simulation time for phenanthrene (PHE)/pyrene (PYR) to stay in micelle
shell and core in the simulation system.a

Systems Core (%) Shell (%)

PHE PYR PHE PYR

I 25 ± 3 21 ± 3 75 ± 3 79 ± 3
III 37 ± 8 33 ± 8 63 ± 8 67 ± 8

a When the COMdistance between PAHs andmicelle iswithin 1.2 nmmeans that PAHs
are located inmicelle core.When the COMdistance is larger than 1.2 nmmeans that PAHs
are in micelle shell. The total time used for analysis is 80 ns for System I and 120 ns for
System III.
3.2.3. PAH-PAH interaction inside the micelle
The possibility of forming PAH dimers between two any PHE/PYR

molecules in the micelle was examined, by computing the distance dis-
tribution between the COMs of PHE/PYR in Systems I and III. As shown
in Fig. S8, the distance distribution between two PHEs, two PYRs, and
mixed PHE-PYR obtains high probability in the range of 1.3–2.3 nm.
However, within this distance range, it is found that SDS/TX molecules
could intercalate between two PAH molecules [24]. Hence, to discard
Fig. 7. Normalized probability distribution of the COM distance between PAH and micelle
in Systems I and III. Black and red lines mean the probability for PHE and PYR observed in
System I. Blue andmagenta lines represent the probability for PHE and PYR obtained from
System III.



Fig. 8. (a–f) Examples showing the possible dimer configurations formed by pyrene (PYR, green), phenanthrene (PHE, orange) and mixed PHE-PYR extracted from System I.
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this situation in the count of the numbers of dimers, a cutoff distance of
0.5 nm that used in Ref. [24] was selected to estimate the formation of
dimer between two PHEs, two PYRs, and mixed PHE-PYR. Then the
time percentage of PHE, PYR and mixed PHE-PYR to form dimer was
computed by dividing the contacts when the COM distances between
two PAH molecules are within 0.5 nm by their whole contacts. Results
indicated that PHE, PYR and mixed PHE-PYR occupy 0.20%, 0.24% and
0.30% of the simulation time in System I and 0.20%, 0.29% and 0.19% of
the simulation time in System III to form dimers.

PAH dimers can have various conformations (for instance parallel
displaced (PD) and perpendicular (T-shaped, T) configurations). To ex-
amine this, the angle θ, defined as the angle between the normal vectors
of the molecular planes of two PAHmonomers, was computed. When θ
equals to 0/180° or 90°, two PAHmonomers form PD and T-shaped con-
figurations, respectively. The other θ values correspond to the tilted T-
shape (TT) configuration. Exemplified snapshots of dimer configura-
tions formed by PHE, PYR, and PHE-PYR are shown in Fig. 8. Moreover,
Figs. S9 and S10 depicted the distribution of dimer angle θ as a function
of dimer distance. These figures show that the distribution of the θ
values for PHE (0–80° and 100–180°) and mixed PHE-PYR (0–80° and
100–180°) is wider than that for PYR (0–40° and 140–180°), indicating
that PHE, PYR and PHE-PYR could form PD and TT dimer configurations
during the simulation time.
4. Conclusions

In this study, cosolubilization of PHE and PYR in single TX, SDS and
mixed TX-SDS systems showed a synergistic solubilization effect. The
synergistic extent decreased with increasing molar ratio of SDS in
mixed micelle due to the decreasing micelle size. The presence of PHE
and PYR in the shell and core regions of pure SDS and mixed SDS-TX
micelle with a molar ratio of 1/1 was verified by computing the RDPs
of PAH COM with respect to micelle COM from MD simulations.
Cosolubilization of PHEand PYR could slightly change the internal struc-
ture of mixed SDS-TX micelle, yet no impact on pure SDS micelle.
Though under cosolubilization conditions, both PHE and PYR prefer to
stay in the shell, the different moving trajectories of the two PAHs in
pure SDS and mixed SDS-TX micelle suggests that PHE and PYR have
different solubilization sites to coexist in surfactant micelles.
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