
Pentachlorophenol radical cations generated on Fe(III)-
montmorillonite initiate octachlorodibenzo-p-dioxin formation in
clays: DFT and FTIR studies

Cheng Gua, Cun Liua, Cliff T. Johnstonb,*, Brian J. Teppena,*, Hui Lia, and Stephen A.
Boyda,*

a Department of Crop and Soil Sciences, Michigan State University, East Lansing, MI 48824
b Crop, Soil and Environmental Sciences, Purdue University, 915 W. State Street, West
Lafayette, IN, 47907

Abstract
Octachlorodibenzodioxin (OCDD) forms spontaneously from pentachlorophenol (PCP) on the
surfaces of Fe(III)-saturated smectite clay (1). Here, we used in situ FTIR methods and quantum
mechanical calculations to determine the mechanism by which this reaction is initiated. As the
clay was dehydrated, vibrational spectra showed new peaks that grew and then reversibly
disappeared as the clay rehydrated. First principle DFT calculations of hydrated Fe-PCP clusters
reproduced these transient FTIR peaks when inner-sphere complexation and concomitant electron
transfer produced Fe(II) and PCP radical cations. Thus, our experimental (FTIR) and theoretical
(quantum mechanical) results mutually support the hypothesis that OCDD formation on Fe-
smectite surfaces is initiated by the reversible formation of metastable PCP radical cations via
single electron transfer from PCP to Fe(III). The negatively charged clay surface apparently
selects for this reaction mechanism by stabilizing PCP radical cations.
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Introduction
Polychlorinated dibenzo-p-dioxins (PCDDs) and furans (PCDFs) are formed and found as a
group of chlorinated congeners generated as by-products of human activities, such as waste
incineration, metal smelting, and pesticide manufacture, and by natural processes such as
forest fires. Each of these known sources produces a mixture of PCDDs distinguishable by
their congener profiles. However, recent studies have reported high levels of PCDDs in
otherwise pristine soils and pre-industrial clay deposits, with a typical congener profile
characterized by the predominance of octachlorodibenzodioxin (OCDD) and low levels of
PCDFs, which does not match any known anthropogenic or natural source (2–4). Global
PCDD budgets fail to account for the observed levels of these compounds in soils, and
OCDD presents the greatest imbalance (5). Based on bulk radiocarbon, compound-specific
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chlorine isotope and black carbon analysis, Holmstrand et al. (3) proposed that the unusual
congener profile of PCDDs in a ball clay deposit from the Mississippi Embayment could
result from in situ clay mineral-facilitated synthesis of PCDDs. Congener-specific carbon
isotopic analysis showed that the carbon isotope composition of OCDD found in ball clays
was significantly different from known anthropogenic OCDD, further supporting the
hypothesis of natural PCDD formation mechanism(s) on clay surfaces (4). The use of ball
clays as animal feed additives has led to several instances of livestock contamination with
PCDDs (6). A recent survey of PCDD/PCDF levels among a population living on or near
dioxin-contaminated floodplain soils in Midland, Michigan revealed that the individual with
the highest body burden was a potter who had a history of firing ball clays in an in-home
unvented kiln (7). These examples document the potential for dioxin exposure directly
related to PCDD contaminated clays.

Recently we provided the first direct evidence showing that OCDD can be formed on the
clay mineral montmorillonite, under environmentally relevant conditions (1).
Montmorillonite is a member of the smectite group of 2:1 aluminosilicate clay minerals,
which occur naturally and are widely distributed in soils/subsoils, sediments, and geologic
clay deposits (8). Negative charges embedded in the aluminosilicate layers due to
isomorphous substitution are balanced by inorganic cations commonly found in nature, e.g.,
Ca2+, Na+, Mg2+, and Fe3+ among others. The aluminosilicate layers of smectites are planar
with aspect ratios of ~500 manifesting high surface areas of ~800 m2 g−1. Smectite clays
commonly occur as assemblages of stacked clay layers, resulting in large amounts of
internal, interlayer surface where the exchangeable inorganic cations and water reside.

When the precursor molecule pentachlorophenol (PCP) was mixed with homoionic Fe(III)-
montmorillonite at room temperature, OCDD rapidly formed at environmentally relevant
levels (1). We proposed that the reaction was initiated by one electron transfer from PCP to
Fe(III)-montmorillonite to form the PCP radical cation, followed by dimerization,
dechlorination, and ring closure reactions (1, 9–11). Formation of the reactive PCP radical
cation would then be the crucial step that initiates the proposed reaction pathway to OCDD.
Accordingly, we hypothesized that the PCP radical cation was stabilized by the planar
negatively charged smectite clay layers. By comparison, hydrated transition metal ions in
aqueous solution are incapable of inducing the electron transfer so that the radical cation
species is not formed, indicating the unique role played by the planar silicate surface (10).
The electron transfer reaction is influenced by the presence of water, as the organic
molecules must compete with water for the coordination sites of the metal cation (1). Thus,
yields of OCDD from the Fe(III)-montmorillonite catalyzed reaction were inversely related
to the relative humidity (RH) of the system (1). However, anhydrous conditions were not
required for the reaction to proceed. Formation of organic radicals on smectites have been
observed by various techniques, such as electron spin resonance (ESR) (9, 10), Fourier
transform infrared (FTIR) (12) and resonance Raman spectroscopy (13, 14). Johnston et al.
(15, 16) used FTIR to monitor in situ chemisorption of p-dimethoxybenzene on Cu-smectite
clay. Concomitant with a decrease in RH, several IR vibrational modes were significantly
perturbed and new peaks were observed, which were attributed to the formation of radical
cations (15, 16). The reduction of transitional metals in the interlayer was also confirmed by
ESR (9) and direct measurements (11).

Recently, first principle calculations based on density functional theory (DFT), using both
cluster models and periodic boundary conditions, have been applied to studies of clay or
hydrated clay structural properties (17,18), and clay mineral adsorption/catalytic reactions
involving organic molecules (19–22). Cluster models have proven to provide accurate
geometric and electronic structures of transition metals interacting with organics, at modest
computational costs (23–25). Due to constraints in computational resources, in the current
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study a cluster model of hydrated Fe(III) complexed with PCP was applied to investigate the
electronic/spectroscopic properties of interlayer Fe(III)/PCP complexes. The choice of the
hydrated iron cation model was based on the observation that in Fe-smectites and low-Fe-
zeolites the dominant Fe(III) species identified by Mossbauer and EXAFS studies were
isolated Fe(OH)2+ or Fe(OH)2

+ octahedrally coordinated by water (26–28). Also, ESR has
been used to show that partial dehydration of iron-exchanged zeolites (achieved by applying
vacuum or heat) results in removal of water molecules from Fe(III) hydration shells, and a
reduced coordination number around Fe(III) (29). Since the observed Fe-catalyzed
dimerization of PCP was sensitive to clay hydration (1), calculations of gas-phase PCP/
Fe(OH)(H2O)n

2+ with various numbers of water molecules in the first hydration shell (n=0
to 3) were selected as feasible structural models to characterize the electronic (and hence
spectroscopic) features of PCP radical formation in Fe(III)-smectite. While gas-phase
Fe(OH)(H2O)n

2+ is the simplest model for hydrolyzed Fe in the interlayer, it may
overestimate Fe reactivity compared with the more networked Fe expected in smectite
interlayers.

The objective of this study was to couple spectroscopic evidence with quantum mechanical
calculations to investigate the critical step that initiates the proposed OCDD formation
mechanism (1). We hypothesize that the reaction is initiated via a one electron transfer from
PCP to Fe(III) of Fe(III)-montmorillonite to form the central reactive intermediate, i.e., the
PCP radical cation, which is favored by stabilization effects of the clay surface. The surface
IR spectra were collected in situ in a controlled humidity IR cell to correlate formation of
the putative PCP radical cation with changes in the vibrational spectra as a function of water
content in the system. Quantum mechanical calculations on the reaction of PCP with Fe(III)-
montmorillonite clay using different levels of models were conducted in concert and
compared with experimental FTIR data. The theoretical and experimental results were found
to be mutually consistent.

Materials and Methods
Preparation of Self-supporting Clay films

Details on the preparation of Fe(III)-montmorillonite and self-supporting clay films are
included in the supporting information (SI).

In Situ FTIR Analysis
Infrared spectra were obtained on a Perkin-Elmer GX2000 FTIR spectrometer equipped
with deuterated triglycine and mercury-cadmium-telluride detectors, and a KBr beam
splitter. A self-supporting clay film was mounted in a vacuum cell, which was connected to
a gas/vacuum manifold to control and monitor the pressure in the cell. The unapodized
resolution for the FTIR spectra was 2.0 cm−1, and a total of 64 scans were collected for each
spectrum.

Dehydration of the clay films was accomplished by placing the films under vacuum, and the
surface reactions were monitored in situ using the FTIR spectrometer. After the system
stabilized (approximately 2 h), the vacuum was removed, a drop of water was added to the
cell, and FTIR spectra were collected until a new equilibrium was achieved, as indicated by
no further change in spectra. To estimate the water content on the clay film, the FTIR
absorptivity of the HOH bending band at 1630cm−1 was determined by integrating the area
of the band.
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Computational Methods
In this study, DFT methods were applied to investigate the electronic and vibrational
spectroscopic features associated with interactions between PCP and clay interlayer Fe(III)
during dehydration/hydration cycles by modeling interlayer Fe(III) as Fe(OH)(H2O)n

2+ (n=0
to 3). The total coordination number of the Fe(III) center, including coordinated H2O and
PCP, ranged from two to six. The geometries of all complexes in the gas phase were fully
optimized using the Becke three-parameter exchange functional (B3) (30) and the Lee–
Yang–Parr correlation functional (LYP) (31), implemented in the Gaussian 03 package (32),
followed by calculations of harmonic vibrational frequencies. The LANL2DZ basis set with
effective core potentials (ECP) was used for Fe, while the 6–31G* basis set was used for all
other atoms in the PCP/Fe(OH)(H2O)n

2+ complexes. Combining B3LYP methods and
LANL2DZ ECPs has been found to produce reasonably accurate vibrational frequencies for
a wide range of transition-metal complexes (33). The numbering scheme used for PCP
atoms is shown in SI 1. A scaling factor of 0.98 was used to compare the computed
frequencies with experimental data in the present study based on previous literature (34).
Further normal mode decomposition analysis was carried out to interpret the vibrational
spectra and peak shifts, and thereby infer the initial steps in the reaction mechanism for clay-
catalyzed conversion of PCP to OCDD. Additional computations on interactions between
PCP species and model clay surfaces are included in SI.

Results and Discussion
FTIR Analysis

Several in situ FTIR spectra of the Fe(III) montmorillonite-PCP system (Fe(III)-Swy2/PCP)
are shown in Figure 1. Since clays strongly absorb infrared (IR) radiation below frequencies
of 1250 cm−1, and most PCP vibrational bands except the OH-stretching mode ν(OH) occur
below 1700 cm−1, the IR data in the 1250–1700 cm−1 region are displayed. The spectrum
(Figure 1a) corresponding to the Fe(III)-Swy2/PCP clay film exposed to ambient air
displayed peaks at 1278, 1381 and 1420 cm−1, which are assigned to the combination of
benzene ring breathing and C-OH stretching ν(C-OH) and bending δ(C-OH) modes (35,
36). The 1631 cm−1 peak (Figure 1a) corresponds to the HOH angle bending δ(HOH) of
water present on clay surface (15,16).

As vacuum was applied, the intensity of the δ(O-H) water band diminished (Figure 1a–d and
SI 2), indicating dehydration of the clay. Also, the peak at 1420 cm−1 shifted to 1411 cm−1,
and peaks at 1278 and 1381 cm−1 shifted to 1288 and 1385 cm−1, respectively, indicating
the dehydration of PCP (as discussed below). Importantly, as the clay film was dried two
new peaks at 1360 and 1334 cm−1 appeared (Figure 1b–e and SI 2) which are attributed to
the main ring-breathing peaks for the PCP radical cation (as discussed below in DFT
calculations). They have shifted to a lower frequency ~50 cm−1 compared to molecular PCP
because loss of an electron weakens C-C bonds within the ring. The FTIR spectra strongly
support radical cation formation on Fe(III)-montmorillonite surface as evidenced by the
peaks at 1360 and 1334 cm−1 and their response to water. Formation of the PCP radical
cation via one electron transfer from PCP to Fe(III) of Fe(III)-smectite has been proposed as
the critical step that initiates the clay-facilitated synthesis of OCDD (1, 10), and the reaction
yield is known to be sensitive to the water content of the clay (1). Accordingly, a
prerequisite for the proposed one electron transfer is inner sphere complexation of PCP,
which requires prior removal of some waters of hydration from Fe(III). The PCP radical
cation thus formed is plausibly stabilized by the negatively charged clay surface, which is
also supported by the calculations on PCP/PCP radicals interacting with clay surface (See
detailed discussion in SI).
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A reversal of these changes in the FTIR spectra occurred as the vacuum was released and
the system was again exposed to water vapor. As shown in Figure 1f, after 2 min exposure
to water vapor, the water peak (1631 cm−1) was restored and the peaks at 1288, 1385 and
1411 cm−1 all shifted back to their original positions. Additionally, the two new peaks at
1360 and 1334 cm−1 disappeared. Upon further exposure of the clay/PCP complex to water
vapor, the water peak continued to increase in intensity, while little further change occurred
for the other peaks (Figure 1f–i).

To quantify the relation between water content and radical cation formation, the peaks at
1630, 1360 and 1334 cm−1 were integrated and plotted as a function of exposure time to
vacuum and to water vapor (SI 2). It is clearly shown that dehydration of clay, indicated by a
decrease in the 1630 cm−1 band, promoted the formation of radical cations as indicated by
the appearance and increase in the intensity of the 1360 and 1334 cm−1 bands. The apparent
radical cation formation reaction was reversible; as the clay was rehydrated the 1360 and
1334 cm−1 bands diminished rapidly, indicating loss of the radical cation species. This
interpretation of the FTIR results is supported by theoretical calculations presented below.

DFT Calculations
To further understand the IR spectral peak shifts that occurred upon exposure of the
FeSWy-2/PCP clay film to vacuum, theoretical spectra of proposed PCP complexes were
calculated and compared with the experimental results. The optimized geometries of the gas-
phase systems PCP, PCP/H2O, and PCP/Fe(OH)(H2O)n

2+ are shown in SI 3, and selected
optimized structural parameters are presented in Table 1.

Due to the size and complexity of PCP/Fe(OH)(H2O)n
2+, and limitations in computing

resources, it was not possible to fully calculate the potential energy profile and locate all
energy minima for each complex (SI 4). Instead, geometry optimizations were performed
within the low-energy regions where iron directly contacted the PCP hydroxyl group and all
water molecules were in the first hydration shell of iron. Such structural configurations were
confirmed to have the lowest energies in a previous study (25).

Among the optimized structures in the present study, complexes 0a, 1a, 2a and 3a (SI 3) all
featured similar structural characteristics in that both O1 and Cl5 of the PCP molecule
coordinate the iron center as a bidentate ligand, and the hydroxyl group of Fe(OH)(H2O)n

2+

is located opposite the position at which O1 of PCP coordinates the Fe center (the angle of
O1-Fe-OH ranges from 138° to 163°). These four complexes generally have the lowest
energies (SI 5) for their respective water contents, apparently due to stabilization of the 2σ
bonding orbital (dz2+pz) for each complex. When O1-Fe-OH is roughly collinear, this
geometry allows strong overlap of pz orbitals from these two oxygens with the two lobes of
the iron dz2 orbital (SI 6).

Some configurations in which PCP forms outer-sphere hydrogen bonds with Fe(OH)
(H2O)n

2+ (e.g., complexes 3c and 1d of SI 3) have even lower energies (SI 5), but these
complexes are intermediates on a different reaction path toward the low-energy phenoxy
radical. They would rapidly convert into the phenoxy radical, which is proposed as the
major pathway in the gas phase (37), but apparently do not do so in the clay interlayer,
plausibly because of the favorable electrostatic interactions afforded to the radical cation by
the negative energy field of the clay mineral (15, 18, 38). Also, their simulated IR spectra do
not match with the experimental data (SI 7). Thus, despite the somewhat lower energy of the
phenoxy-radical complex in the gas phase, the radical-cation reaction pathway seems to be
selected in the clay. Therefore, the series of ‘a’ complexes (SI 3) was the focal point of the
current study.
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In the simplest PCP/Fe(OH)(H2O)n
2+ complex that we studied, PCP/FeOH2+ (structure 0a

of SI 3), PCP is coplanar with the FeOH2+ cation and the Fe-O1 and Fe-Cl5 bond lengths are
2.173 and 2.653 Å, respectively (Table 1). The complexation increases the lengths of the
O1-H1 and C1-O1 bonds, but dramatically increases the C–C bond lengths that are opposite
the phenol position (C3–C4 and C4–C5, Table 1) from 1.402~1.407 Å to 1.439 Å and 1.461
Å. This effect is due to the extraction by Fe of one π electron from the benzene ring, which
causes weakening of the C-C bonds (39). Thus, the PCP radical cation is formed
automatically as PCP complexes with FeOH2+, while the precomplex (that is, a complex in
the absence of electron transfer) cannot be located in this study due to the negligible energy
barrier between the radical cation complex and the precomplex. The reversibility of radical
cation complex formation that we observed by FTIR (Figure 1) implies that this energy
barrier is small in both directions.

As the coordination number of iron increases from 3 to 6 when water molecules are added
into the iron hydration shell (structures 1a, 2a, 3a of SI 3), the C3–C4 and C4–C5 bond
lengths of PCP gradually decrease to 1.42 Å and 1.428 Å (Table 1) in the octahedrally
coordinated PCP/Fe(OH)(H2O)3

2+ (structure 3a of SI 3). This weakening of the C-C bonds
is still profound and the PCP radical cation is formed automatically in all cases. However,
the radical cation character of PCP is less pronounced as hydration increases, which is in
excellent agreement with the lower yields observed experimentally (1), and the FTIR results
showing that as the water content increased, radical cation bands diminished (SI 2).

The spin density on the PCP molecule in each PCP/Fe(OH)(H2O)n
2+ complex was

calculated by natural population analysis (NPA) (Table 1). For the simplest PCP/FeOH2+

complex (structure 0a of SI 3), an excess positive spin density of 1.04 is spread over the PCP
molecule. One electron has been transferred from a π orbital of PCP to the nonbonding
δx2-y2 orbital of the iron center (as shown in SI 6) and the iron has been reduced from Fe(III)
to Fe(II) (Table 1). When water molecules were sequentially added into the iron hydration
shell (structures 1a, 2a, 3a of SI 3), the spin density on PCP decreased from 1.04 to 0.74 to
0.46, due to spin delocalization to the ligand water molecules (Table 1). Although these
model PCP/Fe(OH)(H2O)n

2+ complexes lack any interaction with clay mineral surfaces, the
calculations do yield changes in both PCP structure and electron density that support the
hypothesized PCP radical cation formation (1), and also reproduce the correct trend of
hydration effects on the radical cation formation. Furthermore, these first principle
calculations help explain the spectroscopic features of the radical cation complex, as shown
below.

Adding more water into the system would presumably cause displacement of PCP from the
inner-sphere coordination sites of iron, due to the stronger binding affinity of water (40).
Therefore, we hypothesized that the properties of PCP adsorbed on clay minerals at high
water content might be simulated by the simplest PCP/water complex. Optimization of the
PCP/water geometry (SI 3) shows a strong hydrogen bond between H1 and the water
oxygen, with a bond length of 1.79 Å (Table 1). In this case the distance between the PCP
donor oxygen and the water receptor oxygen is 2.70 Å. The O1-H1 bond is elongated from
0.974 Å (for isolated PCP) to 0.990 Å for the complex, while the C1-O1 bond is shortened
from 1.347 Å (in isolated PCP) to 1.335 Å (Table 1). The hydroxyl group of PCP tilts
slightly (0.17 degree) out of the aromatic molecular plane, and the C1-O1-H1 angle increases
from 109.0 degree to 115.1 degree (Table 1). These significant changes in the geometries
induced by hydrogen bonding would be expected to cause vibrational peak shifts, especially
for the modes involved C-O-H bending and C-O stretching, as we observed for the
1411cm−1 δ(C-OH) and 1385 cm−1 ν(C-OH).

Gu et al. Page 6

Environ Sci Technol. Author manuscript; available in PMC 2012 July 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The calculated infrared spectral patterns for PCP, PCP/H2O, and PCP/Fe(OH)2+ (structure
0a of SI 3) are compared with the observed spectra in Figure 2. Three frequencies in the
experimental spectra of PCP-clay show pronounced shifts in the presence of H2O vapor
versus vacuum, and are labeled 1, 2, and 3 in Figure 2. These modes are all dominated by
ring breathing, C1-O1 stretching, and C1-O1-H1 bending, according to their potential energy
decompositions (PED) (Table 2). Due to the strong hydrogen bonding between O1 of PCP
and water, the calculated peak of 1381.3 cm−1 in the absence of water red-shifts 5.9 cm−1

toward lower frequencies for the PCP/H2O complex (Figure 2d), and the peak at 1426.8
cm−1 (dry) exhibits a 15.9 cm−1 blue shift when hydrated, compared to calculated peak
positions in the absence of water (Figure 2e). All these shifts are in good agreement with the
magnitudes and directions of the corresponding experimental shifts (−4, 9, and 10 cm−1,
respectively, from comparison of Figure 1e versus 1i).

The appearance of computed vibrational peaks at 1357 and 1343 cm−1 (lines 3 and 4 of
Figure 2c) for the radical cation PCP/Fe(OH)2+ complex (structure 0a of SI 3) agrees well
with the experimental spectrum (Figures 1e, 2b and SI 2). This provides strong independent
support for the hypothesis that the new peaks in the experimental spectrum (Figures 1e and
2b) emanate directly from the formation of PCP radical cations. For the radical cation with
its longer and weaker C-C bonds (as described above), it is expected that the ring-breathing
C-C vibrational modes would shift dramatically to a lower frequency. Experimentally, each
peak shifted 51 cm−1 (1411–1360=51 and 1385–1334=51, Table 2), and the first principle
models show very similar shifts (55 and 33 respectively, Table 2). The two calculated peaks
are only −3 and 9 cm−1 wavenumbers different from the observed peaks, and are assigned as
ring breathing modes according to the potential energy distribution analysis shown in Table
2. The intensities of the two peaks are significantly enhanced by factors of 3.00 and 2.78,
compared with the dominant peak at 1412 cm−1 for the isolated PCP molecule. Based on
these calculated peak area ratios and the experimental spectrum for the sample under
vacuum (Figures 1e and 2b), the experimental yield of radical cations after 120 min in
vacuum was approximately 3%.

This pattern of the ring-breathing C-C vibrational modes shifting to dramatically lower
frequency upon radical cation formation is sustained when more water molecules are added
to the first hydration shell of iron (Figure 3, left). However, as discussed above, the radical
character of the PCP cation decreases somewhat with increasing hydration, and this
manifests a linear decrease in the intensity of the radical cation ring-breathing mode at 1360
cm−1 as the Fe(OH)2+-PCP complex becomes more hydrated (Figure 3, right). It is
important to note that, compared to the 1360 cm−1 peak, the mode at 1334 cm−1 diminishes
much faster with increasing hydration, which explains why the observed peak at 1334 cm−1

is weaker than the peak at 1360 cm−1. Increasing numbers of water molecules strongly
disrupt the favorable energy with which PCP binds to the Fe center (Figure 3, right) hence
suppressing the electron-transfer reaction. The binding energy of PCP to the Fe-center
linearly decreases as the complex becomes more hydrated.

Summary and Environmental Significance
In summary, the critical step that initiates the clay-facilitated formation of OCDD from PCP
is the formation of PCP radical cations on Fe(III)-montmorillonite surfaces. This conclusion
is strongly supported by independent experimental and theoretical results: (1) The in situ
FTIR observation of new peaks at 1360 and 1334 cm−1 that appear (reversibly) upon
dehydration, and (2) first principle DFT calculations of models for PCP/Fe(OH)(H2O)n

2+

complexes that reproduce the experimentally observed IR vibrational features, and
demonstrate that they are a direct result of single electron transfer from PCP to Fe(III).
Detailed atomic and electronic structures of PCP complexes with interlayer Fe(III) species
also illuminate the role of water in the reversible formation of the PCP radical cations.
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The reactive PCP radical cation described herein initiates a series of reactions that together
form OCDD. Pentachlorophenol falls with rains across the world (5), and many soils contain
swelling clay minerals that could catalyze the formation of OCDD from these PCP inputs.
Hence the clay facilitated OCDD formation reaction could plausibly be an important
ongoing environmental process.
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Figure 1.
FTIR spectra of homoionic Fe(III)-montmorillonite clay/pentachlorophenol self-supporting
clay film exposed to vacuum as a function of time: 0 (a), 10 (b), 20 (c), 50 (d) and 120 min
(e). After obtaining spectrum at t = 120 min, vacuum was closed and water was added to the
cell, spectra were collected at 2 (f), 10 (g), 22 (h) and 35 (i) min after exposure to water
vapor.
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Figure 2.
Comparison of experimental infrared spectra of Fe(III)-montmorillonite clay/
pentachlorophenol (PCP) system: (a) observed spectrum after exposure to water vapor, (b)
observed spectrum under vacuum, and calculated spectra (c) (d) and (e) for PCP/FeOH2+

(structure 0a of SI 3), PCP/H2O and PCP respectively. Lines 1, 2 indicate the peak shifts of
1420 and 1381cm−1. Lines 3 and 4 indicate new peaks due to formation of radical cation in
experimental (b) and calculated (c) spectra. The scaling factor was 0.98.
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Figure 3.
Left: Calculated infrared spectra of selected PCP/Fe(OH)(H2O)n

2+ systems (for structures
refer to SI 3) with the number of coordinated water molecules increasing from 0 to 3. Right:
Correlations of intensity of the simulated infrared peak at 1360 cm−1 (■), and the binding
energies of pentachlorophenol (PCP) onto Fe(OH)(H2O)n

2+ (●) versus the total
coordination number of the Fe center.
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Table 2

The calculated FTIR frequencies of all pentachlorophenol (PCP) species compared with experimental results,
and the corresponding potential energy distribution analysis (PED) (percentages, in parentheses)

Species νexp (cm−1) νcal (cm−1) Δ (νcal−νexp) Assignments and %PED

PCP 1411 1426.8 +15.8 C-O str (31)+C-O-H bend (3)+ring breathing (54)

1385 1381.3 −3.7 C-O str (3)+C-O-H bend (13)+ring breathing (65)

1288 1301.4 +13.4 C-O-H bend (24)+ring breathing (74)

PCP/H2O 1420 1442.7 +22.7 C-O str (1)+ring breathing (91)

1381 1375.4 −5.6 C-O str (2)+ring breathing (83)

1278 1302.5 +24.5 ring breathing (91)

PCP/FeOH2+ (0a)* 1360 1357.3 −2.7 ring breathing (82)

1334 1342.7 +8.7 ring breathing (84)

n/a 1237.2 n/a ring breathing (78)

*
Structure 0a of SI 3.
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