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ABSTRACT: Macrocyclic calixarene molecules were modified with func-
tional groups of different polarities at the upper rim and subsequently grafted
to mesoporous silica supports through a single Si atom linker. The resulting
materials were characterized by thermogravimetric analysis, UV−visible
spectroscopy, nitrogen physisorption, and solid-state NMR spectroscopy.
Materials were then used to separate acetone, n-butanol, and ethanol from
dilute aqueous solution, as may be useful in the recovery of fermentation-
based biofuels. For the purpose of modeling batch adsorption isotherms, the
materials were considered to have one strong adsorption site per calixarene
molecule and a larger number of weak adsorption sites on the silica surface
and external to the calixarene cavity. The magnitude of the net free energy
change of adsorption varied from approximately 15 to 20 kJ/mol and was
found to decrease as upper-rim calixarene functional groups became more
electron-withdrawing. Adsorption appears to be driven by weak van der Waals
interactions with the calixarene cavity and, particularly for butanol, minimizing contacts with solvent water. In addition to
demonstrating potentially useful new sorbents, these materials provide some of the first experimental estimates of the energy of
interaction between aqueous solutes and hydrophobic calixarenes, which have previously been inaccessible because of the
insolubility of most nonionic calixarene species in water.
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■ INTRODUCTION

The increasing cost of oil in recent years has led to a renewed
interest in acetone−butanol−ethanol (ABE) fermentation for
the production of n-butanol as an alternative fuel. Butanol has, for
example, a higher energy density than ethanol, good mixing
properties with other fuels, and a research octane number and
energy content similar to those of gasoline.1 Nevertheless, most
butanol produced in the United States today is synthesized from
oil, which is still the most cost-effective route.2 A large fraction of
the cost of ABE fermentation is due to the difficulty in separating
the products from the dilute aqueous solution; for example, when
traditional distillation is used, the energy consumption of the
entire process has been known to exceed the energetic value of
the product itself.3 Maximum product concentrations are
typically less than 0.25 M (19 g/L, or ∼0.5 mol %), as increasing
yield beyond this point leads to cell death from cytotoxicity of
butanol.4 These low concentrations, along with the high boiling
point of butanol, a heterogeneous azeotrope at 365 K,5 and the
presence of other compounds, make traditional distillation a
costly recovery option. For these reasons, new and more cost-
effective separation and recovery methods are needed for ABE
fermentation to compete economically with crude oil.
Although the separation process is costly by way of distillation

alone, past research has shown that preceding distillation by
another step can significantly reduce the overall energy demand.

For example, one study showed that in binary distillation of
butanol from water, when the concentration of the feed was
increased from 12 to 19 g/L (0.16 to 0.26M), the energy demand
of distillation was approximately halved; similarly, increasing the
feed concentration from 10 to 40 g/L (0.13 to 0.54 M) reduced
the ratio of energy input to energy content of the product from
1.5 to 0.25.6 Thus, separations techniques capable of
concentrating the products more efficiently than distillation
could have a significant impact on the overall cost when used as a
preceding step.
A wide variety of techniques are available, including in situ

vacuum recovery,7 gas stripping, supercritical extraction,8

eutectic freeze crystallization, liquid−liquid extraction, and
osmosis,4 but pervaporation9 and adsorption3 are likely the
best options available, with an estimated energy demand only
∼10% of the combustion enthalpy of n-butanol.4 Within the
category of adsorption, a great number of materials have been
studied, including zeolites, activated carbons, ordered meso-
porous or amorphous silicas, and polymers.3,10 Furthermore, in
the subcategory of materials based on silica, a very wide variety of
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surface modifications are possible, giving a correspondingly wide
range of associated properties.
Here, silica surfaces are modified by immobilized calixarenes,

with each calixarene molecule intended to act as a single
adsorption site. There is a wide literature basis on calixarene
host−guest chemistry in solution, which provides a rationale for
the design of specific adsorbents andmay provide insight into the
observed adsorption behavior on the molecular level. Addition-
ally, calixarenes make up an extremely diverse class of
molecules,11 potentially enabling the fine-tuning of adsorption
sites for highly specific materials.
We have previously investigated12 the use of silica-

immobilized calixarenes bearing hydrophobic groups at the
upper rim to act as adsorption sites for butanol from dilute
aqueous solution. Adsorption on these materials can be
represented as the net process of exchanging solvent water
molecules for an adsorbate molecule within the calixarene
cavity.13 With hydrophobic (Scheme 1, R = H or alkyl)

calixarenes, the net enthalpy change of adsorption of n-butanol
is slightly more favorable than the theoretical phase separation
from water into condensed butanol and increases with increasing
molecular surface area of the calixarene cavity. This behavior is
consistent with an adsorption process driven by weak
intermolecular van der Waals forces and a net entropy increase
likely associated with release of water molecules from the vicinity
of the hydrophobic cavities.12

Here we continue investigating the use of rigidly grafted
calixarenes as adsorption sites for aqueous separations, but the
diversity of upper-rim functional groups is expanded to include
strongly electron-withdrawing groups like−NO2 or−Br to study
the effect of polarizing the cavity. In spite of broad interest, the
polarized calixarenes used here do not appear to have been
previously immobilized onto a surface for use related to
adsorption or separations. The adsorption of acetone and
ethanol has also been studied, both for the relevance of these
adsorbates to ABE adsorption and for their smaller size and
potential for stronger dipole−dipole interactions with calixarene
cavities. This will further our understanding of the host−guest
interactions between water-soluble guests and highly hydro-
phobic calixarene molecules, where experimental data have not
been previously available due to the insolubility of most nonionic
calixarenes in water and the absence of suitably functionalized
materials.

■ EXPERIMENTAL METHODS
All glassware was stored in a drying oven at 120 °C prior to synthesis.
The following procedures were carried out under a dry nitrogen
atmosphere using standard air-free techniques. All water used in

synthesis and experiments was filtered and deionized to 18.2 MΩ-cm
resistivity.

Synthesis. Reagents used in precursor syntheses were obtained from
Sigma-Aldrich, with the exception of AlCl3, which was obtained from
Alfa Aesar; all reagents were used as received. The starting material for
all precursors was tBuCx4 (95%, Sigma-Aldrich), which was used
without further purification. Solvents were purified by distillation from
CaH2 or, in the case of DMF, by distillation fromMgSO4 under reduced
pressure.14 All calixarenes are known in the literature, and their identities
and purities were confirmed by 1H and 13C NMR.

HCx4 (R = H in Scheme 1) served as the intermediate for all other
calixarenes and was synthesized by de-tert-butylation of tBuCx4 using
AlCl3 and phenol following a previously published patent.15 1H NMR
(CDCl3): 10.21 (s, 4H, OH), 7.06 (d, 8H, ArH(m)), 6.73 (t, 4H,
ArH(p)), 4.26 (bs, 4H, ArCH2Ar), 3.55 (bs, 4H, ArCH2Ar).

13C NMR
(CDCl3): 148.89 (C−OH), 129.11 (CH (m)), 128.36 (CH (p)), 122.39
(C−CH2), 31.84 (CH2).

ClCH2Cx4 was synthesized by chloromethylation of HCx4 with
chloromethyl-n-octyl ether and SnCl4 according to a published
procedure.16 1H NMR (CDCl3): 10.13 (s, 4H, OH), 7.09 (s, 8H,
ArH), 4.42 (s, 8H, ArCH2Cl), 4.21 (bs, 4H, ArCH2Ar), 3.55 (bs, 4H,
ArCH2Ar).

13C NMR (CDCl3): 149.00 (C−OH), 131.51 (C−CH2Cl),
129.63 (CH), 128.36 (C−CH2Ar), 45.97 (ArCH2Cl), 29.86
(ArCH2Ar).

BrCx4 was synthesized from HCx4 with Br2 in DMF according to a
previously published procedure.17 1H NMR (DMSO-d6): 7.32 (s, 8H,
ArH), 3.79 (bs, 8H, ArCH2Ar).

13C NMR (DMSO-d6): 151.47 (C−
OH), 131.41 (CH), 130.69 (C−CH2), 110.61 (C−Br), 30.40 (CH2).

NO2Cx4 was synthesized by sulfonation and subsequent nitration of
HCx4 with concentrated H2SO4 followed by dilute HNO3 in the
presence of H2SO4 according to a previously published procedure.

18 1H
NMR (DMSO-d6): 8.16 (s, 8H, ArH), 4.5−9.0 (bbs, 4H, OH), 4.25 (bs,
4H, ArCH2Ar), 3.72 (bs, 4H, ArCH2Ar).

13CNMR (DMSO-d6): 162.47
(C−OH), 138.17 (C−NO2), 129.54 (CH), 124.72 (C−CH2), 30.58
(CH2).

Mesoporous silica gel (Selecto Scientific) with a primary particle size
of 100−200 μm, an approximate surface area of 500 m2/g, and an
average pore diameter of 60 Å was used as the support for all materials
and was stored in a drying oven at 120 °C prior to use. Triethylamine
and silicon tetrachloride solution were obtained from Sigma-Aldrich; the
SiCl4 solution was used without further purification, whereas Et3N was
freshly distilled from CaH2 before each use.

14 The silica (1.5−6.0 g) was
first dried under dynamic vacuum of <50 mTorr at 250 °C for 12 h and
then cooled to ambient temperature, and the flask was backfilled with
N2. SiCl4 (1.0 M in CH2Cl2) was added (4.5 mL per gram of starting
material), followed by dropwise addition of triethylamine (0.6 mL per
gram of startingmaterial) while shaking, which resulted in an exothermic
reaction and an opaque suspension. After shaking for 12 h at room
temperature, the solvent was removed in vacuo (20 min at ambient
temperature or until no liquid was visible), and then the chlorinated
SiO2 was heated to 70 °C and evacuated for an additional 12 h to
sublime off the generated triethylamine hydrochloride salt.

The calixarene (0.3 mmol per gram of starting material, in slight
excess of the maximum surface density previously reported to be
achievable by this method, which is approximately half a monolayer19)
was then dissolved or partially dissolved in anhydrous toluene (10 mL
per gram of starting material) at 100 °C; samples that only partially
dissolved (NO2Cx4, BrCx4) were then subjected to ultrasonics for 5−
10 min to break up large particles. The chlorinated SiO2 was then
transferred to the calixarene solution under air-free conditions. For all
calixarenes exceptClCH2Cx4, a small amount of triethylamine (1.1 mol
per mole calix) was then added to trap generated acid, and the
suspension was refluxed under N2 for 24−72 h. Triethylamine had to be
excluded in the case of ClCH2Cx4 materials, as the two compounds
readily reacted to give a blue product, possibly a cyclohexadienone-type
structure.20 Instead, dry N2 gas was periodically bubbled through the
mixture to purge generated HCl vapor and drive the reaction forward.

Materials were then washed sequentially with (per 1 g of starting
material) 100mL of boiling toluene, 50mL ofmethanol, 50mL of water,
50 mL of methanol, 100 mL of acetonitrile, and 50 mL of petroleum

Scheme 1. Immobilization of Calixarenes on Silicaa

aReaction conditions: (i) treat with 1:1 SiCl4:Et3N in anhydrous
CH2Cl2, RT, 24 h; (ii) reflux in anhydrous toluene, 24−48 h.
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ether. After briefly air-drying, the materials were Soxhlet or Gregar
extracted with anhydrous toluene for 12 h and dried under dynamic
vacuum at ambient temperature. Materials containing potentially
hydrolyzable groups (BrCx4 and ClCH2Cx4) were washed extensively
with water at ambient temperature, whereas all other materials were
Soxhlet or Gregar extracted with water for 12 h. Finally, the materials
were dried under dynamic vacuum at ambient temperature overnight,
passed over a 63 μm sieve to remove fine particulates, and then passed
through a 177 μm sieve to remove large debris. Materials were stored in
a desiccator at ambient temperature.
Characterization. Thermogravimetric analysis (TGA) experiments

were conducted on a TA Instruments TGA Q500 in high-resolution
mode with a 10 °C/min ramp to 800 °C under a flow of dry synthetic air.
Diffuse-reflectance UV−visible spectra were recorded on a Shimadzu
UV-3600 spectrometer using a Harrick Praying Mantis accessory with
PTFE powder as a perfect reflector standard. Nitrogen physisorption
isotherms were recorded on a Micromeritics ASAP 2010 CE system at
77.4 K. Solution-phase proton and carbon-13 nuclear magnetic
resonance (1H and 13C NMR) spectra were recorded on a Bruker
Avance III 500 MHz spectrometer equipped with a direct cryoprobe.
Solid-state carbon-13 cross-polarization/magic angle spinning nuclear
magnetic resonance (13C CP-MAS NMR) spectra were recorded on a
400 MHz Varian spectrometer equipped with a 5 mm triple-resonance
probe at a spin rate of 5 kHz.
Adsorption. All adsorption isotherms reported in this study are for a

single species (acetone, butanol, or ethanol) in water. Batchwise
adsorption experiments were conducted on a scale of 100 mg of material
per 1 mL of binary solution at 20 ± 1 °C using a method previously
described by the authors.12 As during the synthesis step, light shaking is
preferred to stirring to avoid mechanical grinding of the materials, which
causes exposure of unmodified internal surfaces.21 Final concentrations
were determined by refractive index at 20 °C using an Atago RX-007α
temperature-controlled benchtop refractometer, which was previously
calibrated against binary aqueous acetone, n-butanol, and ethanol stock
solutions of known concentrations. Experimental reproducibility of the
equilibrium adsorbate concentrations was ±1.1 mM, 0.67 mM, and 1.8
mM for acetone, n-butanol, and ethanol, respectively, which
corresponds to an approximate 5−10% uncertainty in uptake measure-
ments (mol adsorbate per mol calix) for the dilute solutions used.
Refractive index was measured at least twice for each sample. A small
amount of uncertainty is introduced by desorption of impurities from
the material, such as residual solvents from synthesis. This was kept to a
minimum by the rigorous washing, extraction, and sieving steps
mentioned previously.
The observed uptakes were considered to consist of adsorption into

strong sites associated with the calixarene cavities as well as weaker
adsorption onto the exposed silica surface and other possible adsorption
sites on the calixarenes themselves but external to the cavity. The latter is
hereafter referred to as the “background adsorption”. The aim of data
fitting is to separate properties specific to the calixarene cavities from the
total uptake data. Given the relatively large uncertainties and batch-to-
batch variability, the background adsorption was assumed proportional
to the amount of adsorbate over the concentration range studied.
Although a simplification, a Henry-type relationship22 is not
unreasonable in this case considering the low concentration range

studied and that the nonspecific “background” adsorption is expected to
be far from saturation or adsorption at the calixarene cavities; on the
other hand, we expect a narrower distribution of adsorption energies and
assume Langmuirian saturation behavior.23 Furthermore, here it is
assumed that the saturation amount of adsorbate, σ (mmol/g), is equal
to the number of grafted calixarenes as set by the synthesis conditions
and determined from TGA. Together then, the total uptake is described
by only two adjustable parameters, one of which is specific to the
interactions with the calixarene cavity.

We then consider the total uptake q (mmol/g) of solute i (A, B, or E)
to be a linear sum of the background adsorption q0 and the adsorption to
the calixarene cavities qc; thus

σ
= + = +

+
q q q k x

Kx
Kx1i i

i

i
0 c 0i i (1)

where

≡
−Δ⎛

⎝⎜
⎞
⎠⎟K

G
RT

exp net

(2)

Dividing eq 1 by the calixarene loading σ

θ
σ

= = ′ +
+

q
k x

Kx
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i

i (3)

where

σ
′ ≡k

k0
(4)

In eqs 1−4, k0 (mmol/g) is the Henry-like constant describing
background adsorption; xi is the mole fraction of solute i in water; K is
the (unitless) equilibrium constant for adsorption into the calixarene
cavities; and ΔGnet (kJ/mol) is the net free energy change caused by
adsorption of one mole of solute onto one mole of calixarene sites in
water. Mole fractions were approximated from the known molarities by
assuming the density of all solutions to be equal to the density of water.
The fractional uptake θ is defined as the uptake of adsorbate molecules
per calixarene cavity to allow for comparison across materials with
different values of σ. Equation 3 is used for all adsorption data fitting in
this study.

■ RESULTS AND DISCUSSION
Characterization. Calixarene loadings given in Table 1 were

calculated from TGA weight loss curves (Figures S1 and S2,
Supporting Information) by assuming that all mass loss below
300 °C was due to vaporization of residual solvents from
synthesis (mostly water), and the mass loss from 300 to 800 °C
was due to combustion of calixarene fragments. Only a small
mass loss was observed near 420 °C in the baseline material xx-
SiO2 indicating that combustion of surface methoxy groups and
other species remaining after the workup contributed only
negligibly. These species are present on all materials but have
been minimized by the extensive washing, which, in particular,

Table 1. Results from Materials Characterization

TGAa UV−vis BET

σ ρs
b wCx λmax

c Dpore Vpore SBET

material mmol/gmatl nm−2 wt % nm Å cm3/gmatl m2/gmatl

xx-SiO2 0.00 0.00 0.0 -- 56 0.76 540
tBuCx4-SiO2 0.11 0.14 7.7 284 58 0.74 510
ClCH2Cx4-SiO2 0.20 0.28 14.0 287 43 0.54 510
BrCx4-SiO2 0.16 0.22 13.0 287 49 0.62 500
NO2Cx4-SiO2 0.11 0.14 7.0 289 52 0.66 510

aAll values ±10%. bBased on BET surface area of unmodified support, 500 m2/g. cWavelength of maximum pseudoabsorbance, corresponding to the
calixarene aromatic peak.
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should hydrolyze reactive groups24 to form a new layer of silica
around the calixarene cavities.
Figure 1 shows the solid-state 13C CP-MAS NMR spectra for

all materials. Despite the broadness of the peaks, it is observed

that the chemical shifts approximately correspond to those of the
precursors in solution, listed in the Experimental Section and
illustrated graphically in Figure S3 (Supporting Information). In
the aromatic region, chemical shifts of carbons not attached to
the R group are generally the same for all four materials. As
expected, the resonance of carbon 1 differs significantly with the
identity of the R group to which it is bound, generally shifting
upfield as polarity increases but with a large downfield shift for R
= NO2. The difference in this chemical shift compared to the
other materials is probably due to the strong electron-
withdrawing effect of the nitro group, which results from both
resonance and induction, whereas halides are electron-with-
drawing via induction but electron-donating via resonance.25

The feature at 30 ppm in (B)−(D) is from themethylene groups;
in (A) this feature is obscured by the large tert-butyl peak. The
peak at 50 ppm observed on all spectra is due to the surface
methoxy species derived from solvent washings.
The diffuse-reflectance UV−visible pseudoabsorbance spectra

are presented in Figure S4 (Supporting Information). All spectra
show a peak near 287 nm, which corresponds to ultraviolet
absorption by the aromatic calixarene subunits. This peak shifts
to slightly higher wavelengths systematically as the electron-
withdrawing character of the upper-rim group (e.g., Hammett
para substituent constant) increases, as indicated in Table 1.
Nitrogen physisorption isotherms at 77.4 K (Figure S5,

Supporting Information) were fit to the standard BET
equation.26 The BET surface area (SBET) values for these
materials are given in Table 1. The pore volumes at P/P0 = 0.99
and average pore diameters of the materials, as determined by the
BJH method,27 decrease systematically with increasing loadings
of calixarenes on the surface (Table 1). Pore size distributions
(Figure S6, Supporting Information) are skewed toward smaller

median diameters on the calixarene materials when compared to
the control material xx-SiO2 (Table 1). This effect is consistent
with deposition of calixarenes on the pore walls, decreasing their
mean diameter. Micropores intrinsic to the support are not
altered by immobilization of the large calixarene molecules,
indicating that the grafting procedure does not result in pore
blocking of the material. It is also seen that the pore volumes
decrease more significantly than do specific N2-accessible surface
areas. This result is consistent with an inverted cone
conformation of the calixarene on the silica surface, which
would occupy significant pore volume but only take up a small
amount of the SiO2 surface area. This result may also indicate
that N2 is adsorbed onto the hydrophobic surface of the
calixarenes themselves, thus compensating for the loss in SiO2
surface area due to grafting.

Adsorption. Previously, we showed that the strongest
adsorption sites for a given material correlate linearly with the
number of grafted calixarenes, reinforcing our claim that the
calixarenes are the strong adsorption sites. Here, experimental
fractional uptake (θ) isotherms vs ABEmole fraction are given in
Figures 2 and 3, which show the same data arranged differently
for more facile comparisons. The former compares materials for a
given adsorbate, whereas the latter compares the different
adsorbates for a given material. Figure S9 in the Supporting
Information also gives uptake data normalized by adsorbent
mass, for more direct comparison with conventional adsorbent
materials. Figure 2 shows that the most nonpolar calixarene, with
tert-butyl R groups, has the greatest uptake for all three
adsorbates. Also for all adsorbates, the fitted uptake with respect
to the R group follows the order t-Bu > ClCH2 > Br > NO2.
Figure 3 shows that for all four materials the total uptake follows
the order acetone > n-butanol > ethanol at a given equilibrium
concentration.
Table 2 shows the fitting parameters k′ and K, as well asΔGnet

calculated directly from K for adsorption at the calixarene sites.
As x→ 0, the relative values ofK and k′ determine which process
dominates the observed uptake; thus, it can be seen that the
calixarene adsorption sites are always fitted as responsible for
>65% of the uptake. The contribution is smallest for acetone,
with other species adsorbing much more specifically to the
calixarene sites. Consistent with total uptake shown in Figures 2
and 3, K decreases in the order t-Bu > ClCH2 > Br > NO2 for all
adsorbates. The nonspecific k′ decreases in the same order with
few exceptions, indicating that the calixarene molecules do also
alter the linear contribution to the adsorption isotherm for a
given material. Expressed asΔGnet, the calixarene site adsorption
becomes monotonically less favorable by ∼3 kJ/mol, a
statistically significant change (nonoverlapping uncertainties in
K and p-values <0.05, see Supporting Information Table S2), in
moving down Table 2 from t-Bu to NO2. In contrast, when
comparing across adsorbates for a given material, K of the
calixarene sites is fit to values with no statistical difference inmost
cases (overlapping uncertainties in K and p-values >0.05, see
Supporting Information Table S2). Thus, when comparing the
net adsorption of acetone, butanol, or ethanol from solutions of
comparable mole fraction, much of the difference appears to
come from the linear contribution to the isotherm associated
with the calixarene exterior and residual silica surface, rather than
the saturating contribution assigned to the interior of the
calixarene cavity.
Although previous studies with water-soluble calixarenes have

shown stronger net interactions for guests with more hydro-
phobic surface area,28−31 more acidic C−H bonds on the guest

Figure 1. 13C CP-MASNMR spectrum of tBuCx4 (A),ClCH2Cx4 (B),
BrCx4 (C), andNO2Cx4 (D) collected at a spin rate of 5 kHz. Spinning
sideband peaks are denoted by *; surface methoxy species are denoted
by +.
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have also been correlated to stronger interactions.32 Thus, the
similarities in fitted K for different adsorbates may reflect a
balance of competing properties.
In general, it is known33 that solubility of the adsorbate can

have a significant effect on liquid-phase adsorption isotherms,
and much of the theory of adsorption from miscible solutions,34

such as aqueous acetone or ethanol, is incompatible with the
theory of adsorption from partially soluble mixtures35 such as
aqueous n-butanol. Although it is convenient to compare
isotherms for this system based on mole fraction, their analysis
is obscured by large differences in solubility of the analytes. Thus,
it is necessary to deconvolute the net adsorption energy ΔGnet
into its different contributions. Adsorption on these materials is
described by a Born−Haber cycle (Figure 4) for host−guest
chemistry involving (1) desorption of water from the cavity into a
virtual vapor phase, −ΔGads,w, (2) recondensation of water into
solution, −ΔGvap,w, (3) vaporization of a guest molecule from
solution, −ΔGsol,i, and (4) virtual vapor-phase adsorption of the
guest to the cavity, ΔGads,i. The total net adsorption energy is
thus

Δ = −Δ − Δ − Δ + ΔG G G G Gnet ads,w vap,w sol,i ads,i (5)

This analysis follows a similar scheme in a previous study by
some of the authors.13 This scheme simplifies the net adsorption
process by assuming that the solvation of the calixarene−
adsorbate complex cancels the desolvation of the calixarene−
water complex shown in Figure 4.

We also assume infinite-dilution behavior since the solute
concentration is very low (xi < 0.0025). The free energy of
vaporization of water at 298 K is ΔGvap,w = 8.6 kJ/mol,36 and the
free energy of solvation of solute i is the free energy of mixing
pure solute into water less the free energy of vaporization; thus,
ΔGsol,i = RT ln γi

∞ −ΔGvap,i,
37 whereΔGvap,i is the free energy of

vaporization of the solute at 298 K (ΔGvap,B = 2.8 kJ/mol,ΔGvap,A
= 3.0 kJ/mol, and ΔGvap,E = 5.8 kJ/mol for n-butanol, acetone,
and ethanol, respectively38) and γi

∞ is the infinite-dilution
activity coefficient of solute i in water at 298 K (γB

∞ = 51.2, γA
∞ =

7.68, and γE
∞ = 3.91 for n-butanol,39,40 acetone,41 and ethanol,40

respectively). The activity coefficients were calculated from
correlations of compiled data in the cited reviews. Finally, the
value of ΔGads,w is unknown, except for that of tBuCx4, as
estimated from a prior study by some of the authors.13 Thus, we
define a free energy of adsorption of analyte i from the virtual
vapor phase to the calixarene site, relative to that of water, as
ΔΔGi = ΔGads,i − ΔGads,w. Overall, therefore

γΔΔ = Δ + Δ + − Δ∞G G G RT Glni net vap,w i vap,i (6)

The values of ΔΔGi calculated from eq 6 are given in Table 3.
It is observed that adsorption of these small organic molecules
from the virtual gas phase to a calixarene site is generally more
favorable than that of water vapor, reflecting the highly
hydrophobic nature of the adsorption sites. This free energy
difference is approximately 9−12 kJ/mol for ethanol and 4−7 kJ/
mol for acetone but only 0−3 kJ/mol for n-butanol, with an

Figure 2. Adsorption isotherms for acetone (A), n-butanol (B), and ethanol (C) on materials containing tBuCx4 (triangles), ClCH2Cx4 (circles),
BrCx4 (diamonds), and NO2Cx4 (stars).
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uncertainty of ∼1 kJ/mol, indicating that butanol adsorption
from the gas phase is only slightly more favorable than that of
water. Considering the dielectric constant εi as a measure of the
adsorbate’s polarity (εB = 17.8, εA = 21.0, εE = 25.3),5 these
adsorption sites preferentially bind the more polar adsorbates
from the virtual vapor phase. A similar overall trend was observed
by others in a study on the complexation of NO2Cx4 with p-
substituted phenols in organic solvents; it was reported that p-
nitrophenol formed the most stable complexes with the
calixarene, while p-alkylphenol complexes were the least stable.42

In a previous study13 the free energy of water removal from the
cavity of tBuCx4was estimated asΔGads,w =−16.6 kJ/mol. Using
this value along with theΔΔGi values for tBuCx4 in Table 3, the
free energies of adsorption from the virtual vapor phase (ΔGads,i)
to tBuCx4 are approximately −19, −24, and −29 kJ/mol for n-
butanol, acetone, and ethanol, respectively. A previous study by

Figure 3. Adsorption isotherms for acetone (open symbols), n-butanol (solid symbols), and ethanol (crossed symbols) on materials containing tBuCx4
(A), ClCH2Cx4 (B), BrCx4 (C), and NO2Cx4 (D).

Table 2. Values Obtained from Fitting Equation 3 to the Experimental Uptake Data for (B)utanol, (A)cetone, and (E)thanol

k′ K ΔGnet (kJ/mol)

material B A E B A E B A E

xx-SiO2 23 ± 2a 53 ± 2a 44 ± 4a - - - - - -

tBuCx4-SiO2 360 ± 50 750 ± 40 200 ± 10 1690 ± 560 1510 ± 280 1570 ± 110 −18.4 ± 1.0 −18.2 ± 0.5 −18.2 ± 0.2

ClCH2Cx4-SiO2 150 ± 100 180 ± 30 40 ± 30 770 ± 310 900 ± 160 570 ± 90 −16.5 ± 1.2 −16.9 ± 0.5 −15.7 ± 0.4

BrCx4-SiO2 150 ± 50 120 ± 20 140 ± 10 560 ± 150 660 ± 90 670 ± 30 −15.7 ± 0.8 −16.1 ± 0.4 −16.1 ± 0.1

NO2Cx4-SiO2 100 ± 50 200 ± 50 0 ± 0 460 ± 150 380 ± 120 430 ± 30 −15.2 ± 0.9 −14.8 ± 0.9 −15.0 ± 0.2
ak0 value in mmol/g from eq 1 with σ = 0. Note that k′ and K are unitless.

Figure 4. Born−Haber thermodynamic cycle for liquid-phase
adsorption on calixarene−silica materials. Dark spheres represent
adsorbate molecules, and light gray shading represents solvent water.
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some of the authors13 showed free energies of gas-phase
adsorption of small aromatic hydrocarbons (benzene, toluene,
and xylenes; ε ∼ 2.3) to be −13.5 to −14 kJ/mol, further
consistent with our observation that adsorption is stronger with
the more polar adsorbates.

Although these materials preclude the use of solution-state
NMR from which other investigators have deduced the structure
of host−guest complexes,29,45 we speculate that ethanol and
butanol likely insert their alkyl chains into the calixarene cavities.
This conformation would allow their hydroxyl groups to interact
with solvent water via hydrogen bonding while allowing their
hydrophobic tails to desolvate from water. Indeed, a recent
molecular dynamics study found that n-alkanols from ethanol to
heptanol formed inclusion complexes with p-sulfonatocalix[4]-
arene in water at 25 °C. In each instance, the alkyl chain was
inserted into the cavity, and the hydroxyl group was interacting
with water molecules, which bridged the alcohol OH group to
the calixarene’s sulfonate groups. The authors concluded that the
complexes were controlled by van der Waals interactions, as the
Lennard-Jones dispersion energies were more than an order of
magnitude higher than electrostatic energies. These van der
Waals forces compensated for the unfavorable partial desolvation
of the host and guest during complexation.46 These results
confirm an earlier study, also using p-sulfonatocalix[4]arenes, in
which the enthalpy and entropy of complexation were
determined via microcalorimetry; it was concluded that only
alkyl residues are included into the cavity.47

Previous studies on water-soluble calixarenes have shown that
more hydrophobic surface area on the host leads to a stronger
overall interaction,48 consistent with our observation that
tBuCx4 was the strongest adsorption site. In a previous
study,12 we showed a correlation between molecular surface
area and adsorption strength for alkylcalixarenes. To develop an
analogous quantitative relationship between calixarene polarity
and adsorption strength, we use Hammett constants, which were
originally developed to correlate reaction equilibrium constants
for differently functionalized aromatic compounds,49 but they
have also been used to describe properties of immobilized
calixarenes.19 Table 3 lists the Hammett constants (σ*) for the
calixarene functional groups used in this study along with the
calculated ΔΔGi, and Figure 5 shows the linear correlations
between the energies and σ*. For all three solutes considered
here, ΔΔGi decreases in magnitude by about 3 kJ/mol as the
adsorption site becomes more electron-withdrawing (larger σ*).
Recalling that ΔΔGi is a relative quantity, this observation could
be due either to differences in adsorbate−calixarene interactions
or to differences in the energetic penalty of removing water from
the calixarene cavities.

The similar slope in Figure 5 for all solutes suggests that the
dependence of the relative adsorption energy, ΔΔGi, on the
calixarene structure is driven by the water removal terms,
−ΔGads,w, since they are shared across all three solutes.
Numerous computational studies have shown that cavity
dehydration may be the most important driving force behind
host−guest complexation processes in water.50−53 Furthermore,
tetrasulfonated calix[4]arenes are known to bind water into the
cavity via the π electron system of the phenolic cavity walls.54

Thus, more electron-withdrawing upper-rim functional groups
may lead to stronger interactions with water molecules, either
through dipole−dipole attraction or OH−π bonds. If this effect is
more significant than analogous changes to the interactions with
the solute, it would be consistent with the overall decreased
uptake into calixarenes with electron-withdrawing groups. More
strongly interacting calixarenes therefore have the seemingly
counterintuitive effect of decreased net adsorption of acetone,
butanol, or ethanol from water.

■ CONCLUSIONS
Silica-supported calixarenes have been demonstrated as potential
adsorbents for aqueous organics as applicable to biofuel
separations from dilute aqueous fermentation broth. Because
of the sterically enforced open conformation of the calixarene
cavities and their highly dispersed nature on the hydrophilic
support, calixarenes, which are by themselves insoluble in water
without significant, property-changing modifications, are forcibly
hydrated. This allows us to study calixarenes in water without
adding solubilizing groups such as sulfonates or carboxylates, a
subject for which essentially no data are available.
Materials have been characterized by TGA, UV−visible

spectroscopy, and solid-state NMR, all of which are consistent
with rigidly immobilized, intact calixarenes. N2 physisorption
experiments have shown that grafted calixarenes do not block
micropores already present on the support and, despite
occupying a significant fraction of the pore volume, do not
reduce the total N2 physisorption surface area, consistent with
submonolayer grafting in a cone configuration.

Table 3. Relative Free Energy of Adsorption of (B)utanol,
(A)cetone, and (E)thanol from the Virtual Vapor Phase to
Calixarenes

ΔΔGi (kJ/mol)

calixarene σ*a B A E

tBuCx4 −0.197b −2.8 ± 1.0 −7.5 ± 0.5 −12.0 ± 0.2
ClCH2Cx4 0.120c −0.9 ± 1.2 −6.2 ± 0.5 −9.5 ± 0.4
BrCx4 0.232b −0.1 ± 0.8 −5.4 ± 0.4 −9.9 ± 0.1
NO2Cx4 0.778b +0.4 ± 0.9 −4.1 ± 0.9 −8.8 ± 0.2

aHammett para substituent constant for the R group. bLiterature
values.43 cLiterature values.44

Figure 5. Relative adsorption free energy of n-butanol (solid symbols),
acetone (open symbols), and ethanol (crossed symbols) as a function of
the Hammett constant (para) of the R substituent. Solid lines are
calculated by least-squares linear regression weighted by the inverse of
the error values.
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Through batchwise adsorption experiments, it has been
demonstrated that increasing the electron-withdrawing nature
of upper-rim functional groups (quantified by Hammett
substituent constants) leads to a small decrease in the magnitude
of the net adsorption energy for acetone, n-butanol, and ethanol
from aqueous solution, which has the practical effect of
decreasing the adsorbent’s capacity at a given solute concen-
tration. At a given concentration, solutes are adsorbed in the
order A > B > E, but differences in the equilibrium adsorption
constant assigned to the adsorbate−calixarene interaction are not
statistically significant. At a given activity (virtual vapor pressure),
on the other hand, solutes would be preferentially adsorbed in
the order E > A > B. In particular, the uptake of butanol at a given
concentration is largely driven by its lower solubility in water. For
butanol, adsorption onto all the calixarene cavities seems to be
driven by desolvation of the molecule and general van der Waals
interactions with the calixarene, as argued earlier.12 The more
polarized cavities can lead to energy penalties for the removal of
more strongly bound water from within the cavity. As a result,
butanol seems to preferentially adsorb to sites where there is a
large hydrophobic surface area (i.e., tBuCx4).
These results help clarify the nature of interactions between

hydrophobic calixarene cavities and guests in water, which are
otherwise challenging to study. These findings also drive efforts
to immobilize more diverse host molecules more able to balance
the relative strengths of solvent and guest interactions.
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