
Cyclodextrin-Functionalized Chromatographic Materials Tailored for
Reversible Adsorption
Jessica H. Ennist,‡ Eric A. Gobrogge,‡ Kristian H. Schlick, Robert A. Walker,* and Mary J. Cloninger*

Department of Chemistry and Biochemistry, Montana State University, Bozeman, Montana 59717, United States

*S Supporting Information

ABSTRACT: Novel dendronized silica substrates were synthesized.
First- and second- generation polyaryl ether dendrons were appended
to silica surfaces. Using Cu(I) mediated cycloaddition “click”
chemistry, β-cyclodextrin was tethered to the dendronized surfaces
and to a nondendronized surface for comparison purposes. This
synthesis strategy affords a modular, versatile method for surface
functionalization in which the density of functional groups can be
readily varied by changing the generation of dendron used. The
surfaces, which are capable of adsorbing target analytes, have been
characterized and studied using X-ray photoelectron spectroscopy
(XPS) and vibrational sum frequency spectroscopy (VSFS).
Fluorescence spectroscopy was used to study the surfaces’ ability to
retain coumarin 152 (C152). These studies indicated that the β-
cyclodextrin functionalized surfaces not only adsorbed C152 but also retained it through multiple aqueous washes. Furthermore,
these observations were quantified and show that substrates functionalized with first-generation dendrons have a more than 6
times greater capacity to adsorb C152 than slides functionalized with monomeric β-cyclodextrin. The first-generation dendrons
also have 2 times greater the capacity than the larger generation dendrons. This result is explained by describing a dendron that
has an increased number of β-cyclodextrin monomers but, when covalently bound to silica, has a footprint too large to optimize
the number of accessible monomers. Overall, both dendronized surfaces demonstrated an increased capacity to adsorb targeted
analytes over the slides functionalized with monomeric β-cyclodextrin. The studies reported provide a methodology for
characterizing and evaluating the properties of novel, highly functional surfaces.
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■ INTRODUCTION

Removing organic analytes from an aqueous solution plays a
critical role in a host of environmental and technology-related
challenges. For example, the U.S. Environmental Protection
Agency’s Safe Drinking Water Act ensures the quality of
drinking water by limiting the amounts of over 90 different
contaminants, and new contaminants are added to the list every
five years.1 Nearly 60% of these contaminants are organic and
have been determined to cause side effects ranging from organ
damage to an increased risk of cancer when exposure to the
maximum allowed levels are exceeded.1 Examples include
aromatic species used to manufacture insecticides such as
benzene (0.005 mg/L) and chlorobenzene (0.1 mg/L), two
chemicals that are also used in textile processing. One current
and popular method for removing such contaminants from
water includes using a high-surface-area substrate such as
activated charcoal or soda ash.2,3 While this method can remove
a wide variety of pollutants, the resulting contaminated material
cannot be reused and must be disposed of after the sorption
process. In applications where large volumes of solution must
be processed to remove relatively small amounts of a targeted
solute, one ideally wants to employ a system that concentrates
the solute and can be recycled for further use.

A recyclable substrate that can remove solutes from solution
requires that adsorption be reversible. For reversible adsorption
to be a viable mechanism for removing solutes from solution,
binding energies must be large enough so that adsorption is
thermodynamically favorable under application-specific con-
ditions but weak enough so that solutes will desorb with
modest changes in solution phase, temperature, pH, or
composition. Such requirements preclude standard covalent
bond formation between the substrate and solute and, instead,
must rely on reversible interactions to remove organic solutes
from aqueous solution.4 Spontaneous self-assembly and
molecular recognition are two common phenomena that rely
on noncovalent forces to drive association and aggregation in
solution and at surfaces, and from the perspective of reversibly
binding solutes to surfaces,5−7 exploiting the ability of β-
cyclodextrin as a host for hydrophobic organic guests is an
attractive option.
Surfaces functionalized with β-cyclodextrin have been used to

form guest−host inclusion complexes.8−10 β-Cyclodextrin
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forms a hydrophobic cavity through a series of α-1,4 linkages
between seven glucoside monomers.11 This structure forms a
complex of intramolecular hydrogen bonds, rendering the
interior cavity hydrophobic and the exterior surface hydro-
philic.12 Representative binding energies for β-cyclodextrin
complexes with organic analytes generally range from −25 to
−5 kJ/mol.8 To put these binding energies into the context of
reversible adsorption, equilibrium conditions necessitate that
removal of 50% of the solute molecules from a 10 μM aqueous
solution at room temperature requires an adsorption (or
binding) energy of approximately −19 kJ/mol, and removal of
90% requires an adsorption energy of −24 kJ/mol. In order for
the functionalized surface saturated with the bound analyte to
be recycled and reused, the analyte desorption must overcome
this host−guest association in a way that leaves the surface
intact and ready for reuse.
Previous studies have used surface-tethered β-cyclodextrin to

form guest−host complexes for numerous purposes such as
reversible chlorophenol and chlorobenzene removal9 and
controlled fragrance release.10 Such surfaces, however, have a
capacity limited by the surface coverage of β-cyclodextrin sites.
In principle, more sites would improve the substrate’s capacity.
Work described below overcomes the saturation limitation
commonly associated with using functionalized surfaces to
promote chemical processes. Surfaces have a limited number of
sites that are available to accommodate the adsorption of
solutes from solution. By functionalizing silica substrates with
dendrimers containing multiple β-cyclodextrin units, we show
how the useful ability of β-cyclodextrin to form host−guest self-
assemblies can be amplified by the multivalent properties of
dendrimer chemistry. Substrates functionalized with first- and
second-generation dendrons, as well as surfaces functionalized
with only single β-cyclodextrin monomers (Figure 1), are
tested for reversible adsorption behavior using Coumarin 152
(C152), a fluorescent organic dye having a trifluoromethyl
group in the 4 position and a dimethyl amino group in the 7
position. C152 was chosen for the fluorescence studies because
of this solute’s well-characterized photophysical behavior in a
wide variety of solvents.13−16 From previous studies, C152’s
emission wavelength has been shown to shift with solvent
polarity due to differences between the ground-state and
excited-state dipole moments and the solute’s sensitivity to
hydrogen bonding opportunities presented by the sol-
vent.14,16−21 Affinity of the coumarin solutes for the surfaces
can be estimated from bulk solution binding constants. The
studies reported here demonstrate that C152 has an affinity for
the β-cyclodextrin functionalized surfaces and is retained even
after multiple washings with a pure aqueous solvent. A small-
volume rinse of the saturated surface with methanol results in
complete release of the solute. Quantifying these results show
that substrates functionalized with first-generation dendrons
(containing multiple β-cyclodextrin sites) have a greater
capacity than slides functionalized either with monomeric β-
cyclodextrin or with higher-order dendrons. This result can be
understood in terms of the trade-off between maximizing the
number of accessible β-cyclodextrin monomers per dendron
versus the number of dendrons that can be covalently bound to
a silica substrate.

■ EXPERIMENTAL METHODS
Materials and Methods. The quartz slides (25 × 25 × 0.5 mm)

used in these studies were purchased from SPI Supplies. Prior to
experimental use, the quartz slides were cleaned in a 1:1 (v/v) mixture

of nitric acid and sulfuric acid (Macron Chemicals) for 1 h and rinsed
with deionized water (Millipore, 18.2 MΩ). N, N′-Dicyclohexylcarbo-
diimide and all high-purity organic solvents were purchased from
Fisher Scientific. All other chemicals used were purchased from Sigma-
Aldrich.

Alkyl Monolayer Functionalized Surfaces 1 and 2. Strategies
for creating silica surfaces having different functional group
composition were adapted from Jones’ SAM formation using THF/
Cyclohexane.22 A 10 mL Teflon beaker equipped with a stir bar was
placed inside a 50 mL Teflon beaker. Both beakers were placed inside
a sealable glass container with an inert atmosphere. The silica slides
were placed along the inside wall of the outer Teflon beaker, and
toluene (40 mL) was added. A stock solution of alkyltrichlorosilane

Figure 1. Schematic representations of functionalized surfaces. CD =
β-cyclodextrin.
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(0.03 mmol in 2 mL of Tetrahydrofuran (THF) and 75 μL of 6 M
HCl) was stirred for 4 h at room temperature and added to the 50 mL
Teflon beaker. The reaction was allowed to stir for 3 h under argon.
To remove excess solvents, slides were sonicated for 3 min in 50 mL of
toluene, for 3 min in 50 mL of Milli-Q water (18.2 MΩ·cm), and for 3
min in 50 mL of methanol. The sequential sonications with water and
methanol were repeated two more times. Slides were dried under a
stream of argon and stored under vacuum.
1-β-Cyclodextrin-N-(3-(silyl)propyl)-1,2,3-triazole-4-carboxa-

mide Functionalized Surface 3. Mono-6-deoxy-6-azido-β-cyclo-
dextrin was synthesized using previously described methods.23,24 N-(3-
(trimethoxysilyl)propyl)propiolamide was synthesized by the method
that was reported for the analogous triethoxy compound.25 The
synthesis of functionalized surface 3 was adapted from silica beads to
slides.26 A 10 mL Teflon beaker equipped with a stir bar was placed
inside a 50 mL Teflon beaker. Toluene (40 mL) was added to the 50
mL Teflon beaker, and two slides were placed along the inside wall of
the 50 mL Teflon beaker. N-(3-(trimethoxysilyl)propyl)propiolamide
(90 mg, 390 μmol) was dissolved in the toluene, and the solution was
stirred at reflux for 2 h. The slides were washed in 40 mL of toluene.
The slides and 40 mL of N,N-dimethylformamide (DMF) were added
to a new 50 mL Teflon beaker equipped with a 10 mL Teflon beaker
holding a stir bar and heated to 80 °C. Mono-6-deoxy-6-azido-β-
cyclodextrin (330 mg, 280 μmol, 1 equiv) and CuI(PPh3)3 catalyst (13
mg, 28 μmol, 0.1 equiv) was added, and the reaction was stirred for 4
days. Slides were washed with 40 mL of DMF, and were sonicated for
3 min in 50 mL of toluene. Slides were then sonicated for 3 min in 50
mL of Milli-Q water (18.2 MΩ·cm) and for 3 min in 50 mL of
methanol. The sequential sonications with water and methanol were
repeated two more times. Slides were dried under a stream of argon
and stored under vacuum.
Polyaryl Ether Dendron Functionalized Surfaces 4 and 5.

Two generations of polybenzyl ether dendrons were synthesized by
previously described methods.27−29 Silica surfaces were functionalized
by general silanization methods.30,31 The slides were placed along the
inside wall of a 50 mL Teflon beaker containing a 10 mL Teflon
beaker equipped with a stir bar. 3-Aminopropyltrimethoxysilane was
added to 40 mL of toluene in the 50 mL Teflon beaker and refluxed
for 2 h. Slides were washed with 40 mL of toluene and were added to a
new 50 mL Teflon beaker equipped with a 10 mL Teflon beaker
containing a stir bar and 40 mL of toluene. The toluene was brought
to reflux, and the dendron (50 μmol) and 2 mL of Hunig’s base were
added. The reaction was stirred for 2 days. Slides were sonicated for 3
min in 50 mL of toluene. Slides were then sonicated for 3 min in 50
mL of Milli-Q water (18.2 MΩ·cm) and for 3 min in 50 mL of
methanol. The sequential sonications with water and methanol were
repeated two more times. Slides were dried under a stream of argon
and stored under vacuum.
β-Cyclodextrin Functionalized Polyaryl Ether Dendronized

Surfaces 6 and 7. Polyaryl ether dendron functionalized slide 4 or 5
was placed along the inside wall of a 50 mL Teflon beaker equipped
with a 10 mL Teflon beaker holding a stir bar. DMF (40 mL) was
added, and the system was heated to 80 °C. Mono-6-deoxy-6-azido-β-
cyclodextrin (110 mg, 100 μmol, 1 equiv) and CuI(PPh3)3 catalyst (10
μmol, 0.10 equiv) were added and allowed to stir for 2 d. Slides were
washed with 40 mL of DMF, and ultrasonically cleaned for 3 min in 50
mL of toluene. Slides were sonicated for 3 min in 50 mL of toluene.
Slides were then sonicated for 3 min in 50 mL of Milli-Q water (18.2
MΩ·cm) and for 3 min in 50 mL of methanol. The sequential
sonications with water and methanol were repeated two more times.
Slides were dried under a stream of argon and stored under vacuum.
X-ray Photoelectron Spectroscopy (XPS). The functionalized

slides were characterized using XPS. The analysis was conducted on a
Physical Electronics 5600ci XPS system equipped with monochrom-
atized Al Kα X-rays. The analysis area of the sample was 0.8 mm in
diameter. Electron emissions were collected at 45° with respect to
normal, and the spherical-sector-analyzer pass energy was selected as
23.5 eV for high-resolution scanning and as 46.95 eV for a survey to
achieve optimum energy resolution and count rate. Initial
representative survey scans were acquired from 0 to 600 eV for 10

sweeps (sw) at 0.4 eV/step, and 20 mS/step (Figure 2). For further
elemental analysis, high-resolution scans were acquired for the C 1s

(∼280 to 291 eV, 2 sw), N 1s (∼394 to 405 eV, 5 sw), O 1s (∼528 to
537 eV, 2 sw), and Si 2p (∼98 to 106 eV, 3 sw) regions. The
acquisition parameters were run for 10 cycles at 0.50 eV/step and 20
mS/step. For all spectra, the background of all regions were subtracted
using the Shirley background.32 Peak positions were normalized to the
C 1s peak at 285.0 eV and were fitted to functions having a 100%
Gaussian line shape. Binding energies were normalized to the C 1s.
Data acquisition and data analysis were performed using RBD
AugerScan software. Quantitative analysis to determine the site
composition was performed using methodologies previously described
by Geiger and co-workers.6 Specific expressions relevant to our
analysis are shown in the Supporting Information.

Fluorescence Spectroscopy. The functionalized slides were
characterized using fluorescence spectroscopy and the fluorescent dye
C152. This system (functionalized surface/fluorescent dye) was used
to test the ability of different slides to retain adsorbed analytes. Steady-
state fluorescence spectra were recorded using a Jobin Yvon Horiba
Fluorolog 3 FL3−11. Bulk measurements were acquired with 1 nm
instrumental resolution accumulating signal for 0.5 s at each step. Bulk
solution measurements were made with no polarizers in either the
excitation or emission paths. Surface fluorescence measurements were
acquired in 0.5 nm increments integrating for 1.5 s at each point with
the excitation and emission polarizers set 90° apart.15 This procedure
reduced the amount of background scatter in the surface excitation and
emission spectra so that adsorbed species could be observed clearly.

To evaluate the ability of β-cyclodextrin-functionalized surfaces to
adsorb organic solutes from solution, we characterized the bulk
solution behavior of C152 in hexane and aqueous solvents (in the
absence and presence of codissolved β-cyclodextrin). All bulk solution
experiments were performed with C152 concentrations of 10 μM (2.6
mg/L). To measure the guest−host complex’s fluorescence properties,
excess (2.3:1 mol ratio) β-cyclodextrin was added to the aqueous
solution. For the surface measurements, 10 μM aqueous solutions of
C152 were prepared, and functionalized slides were then allowed to
equilibrate in the solution for 1 h. Additional equilibration time did not
lead to any observed changes in the data. The slides were removed
slowly from the solution, and excess solvent was allowed to evaporate
from the bottom of the slide. Fluorescence measurements were
acquired from the top of the slide, the incident light striking the
sample at a 30° angle with respect to normal. Previous studies have
shown that this procedure probes adsorbed films that are not
influenced by excess solute accumulation following evaporation.15,33,34

After the initial scan, the slide was immersed in pure Milli-Q water for
60 s and then removed. Excess water was allowed to evaporate, and a
second surface fluorescence spectrum was measured. This rinse-and-
measure procedure was repeated to test the retention abilities of the
functionalized surfaces. Control experiments were performed using the
same procedure with unfunctionalized slides and slides that had been
functionalized with terminal alkyl monolayers. The hydrophilic control
slides were cleaned prior to use by soaking in a 50:50 mixture of
concentrated sulfuric and nitric acid. The hydrophobic control slides

Figure 2. Survey scan of functionalized surface 3.
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were rinsed with excess methanol and dried at ambient temperature
before use.
To quantify the amount of analyte bound to the functionalized

surfaces, a similar fluorescence procedure was used. The slide of
interest was initially allowed to soak again in a 10 μM aqueous solution
of C152. After 1 h had elapsed, the slide was removed from the
solution, and the excess solvent was allowed to evaporate. Upon
evaporation of the solvent, the slide was soaked in water for 60 s,
removed, and again allowed to dry. The slide was then washed and
sonicated in 50 mL of methanol, and the fluorescence excitation of the
wash at C152’s emission wavelength (513 nm) was measured.
Comparing the excitation intensity of the wash to standard solutions
with known concentrations enabled us to quantitatively determine the
number of molecules adsorbed to the surface to be determined
quantitatively. Assuming a uniform distribution of adsorbates on the
surface, these results were converted into surface coverages.
Vibrational Sum Frequency Generation (VSFG). VSFG is a

second-order nonlinear optical process that measures vibrational
spectra of molecules in environments lacking inversion symmetry. In a
VSFG experiment, two high-intensity fields (one visible and one
infrared) induce a coherent, nonlinear polarization in molecules at a
surface or interface. This polarization oscillates at a frequency equal to
the sum of the incident visible and IR fields and is responsible for the
detected signal. When the IR frequency is resonant with a vibrational
mode of a surface molecule, the sum frequency (SF) response
experiences resonance enhancement. By altering the polarization of
the light incident on the sample and the polarization at which the SF
beam is collected, orientation data from detected surface species can
also be obtained by solving for the four independent nonzero elements
of the 27 element second order susceptibility tensor. The individual
polarizations in such a VSFG experiment are identified by a three-
letter symbol (e.g., ssp or sps) where s indicates the electric field vector
of the light is parallel to the surface, and p indicates the electric field
vector is perpendicular to the surface. These three letters represent the
polarization of the three frequencies in order of decreasing energy (i.e.,
SF, visible, IR).35 A more in-depth description of the SFG process and
SFG theory has appeared elsewhere.35−37

VSFG characterization employs an assembly described previously.38

Briefly, the system uses a Libra-HE Ti:sapphire laser (Coherent, 3.3W
85 fs pulse duration, 1 kHz repetition rate) coupled to a visible optical
parametric amplifier (Coherent OPerA Solo) to generate IR light.
VSFG experiments were performed with copropagating IR and visible
fields with both fields passing through the 0.5 mm silica slide and the
signal being detected in the reflected direction. The IR wavelength was
tuned from 3.2 to 3.7 μm in 0.5 μm increments, and the IR field was
focused onto the sample at an angle of 73° with respect to normal.
The visible beam was spectrally stretched and sliced using an 1800 g/
mm grating and variable width slits resulting in a spectrally narrowed
visible beam (20 cm−1). After passing through two different delay
stages, this beam was focused onto the surface at an angle of 67° with
respect to normal. When the IR and visible fields were spatially and
temporally overlapped, sum frequency signal was generated and
directed into a monochromator (SpectraPro-300i, Acton Research
Corporation) where it was dispersed onto a 1340 × 100 pixel CCD
(PIXIS100B, Princeton Instruments). SFG spectra were combined and
normalized to a nonresonant gold system response using homemade
routines written in Igor Pro (version 6). VSFG spectra were corrected
first for IR power using the nonresonant SFG response across the
frequency region of interest from a gold-coated silicon wafer. Spectra
were then normalized by the SFG signal from a clean, hydrophilic
silica/vapor interface acquired under the appropriate polarization
condition. All spectra were then calibrated using the 2910 cm−1 methyl
symmetric stretch of DMSO at the liquid/vapor interface.39

A sample VSFG spectrum is shown in Figure 3. This representative
figure, taken in the ssp polarization combination, shows the C−H
stretching region of the solid/vapor interface of a methyl terminated
silica surface.
In this sample spectrum, two peaks are evident at 2910 and 2967

cm−1. These two peaks result from the methyl group symmetric and
antisymmetric stretch, respectively, and are consistent with previously

reported data.40 The intensity difference between the peaks also
suggests that the methyl groups are arranged predominantly with their
methyl C3 axes normal to the surface.

■ RESULTS AND DISCUSSION
Silica surfaces were modified to display terminal alkynes by
silanization using N-(3-(trimethoxysilyl)propyl)propiolamide
(8). The terminal alkynes 9 were reacted with β-cyclodextrin
azide 10 by a Cu(I) mediated cycloaddition41,42 to afford
surface 3 (Scheme 1a). Silica surfaces were modified to display
terminal amines by silanization using 3-aminopropyltrimethox-
ysilane (11) to form surface 12. Addition of the dendron 13
was accomplished by SN2 displacement of the core bromide by
the terminal amines presented on the silica surface to afford
surface 4. The alkyne end groups on the G1 dendron were
further modified by a Cu(I) mediated cycloaddition using β-
cyclodextrin azide 10 to yield surface 6.
Prior to characterization, slides were sonicated once in

toluene and then three times sequentially in Milli-Q water and
methanol. This purification method minimized the environ-
mental carbon and nitrogen that were present on the product
slides, as evidenced by XPS. High-resolution narrow scans of
the C 1s and N 1s regions of the control after being washed by
this purification method are shown in Figure 4. The carbon 1s
signal contains contributions from multiple carbon sources.
First, the signal was fit with a central peak at 285 eV that was
attributed to the binding energy of sp2 and sp3 hybridized
carbons that are bound to carbon or hydrogens as shown in
Figure 4a (C−H/C−C peak). Second, a higher energy peak
was fit that was attributed to the oxygen and nitrogen bound
sp3 C 1s emission (C−O/C−N peak in Figure 4a). A third
peak was fit that is in agreement with silicon-bound C 1s
emission (Si−C peak in Figure 4a).43,44 The signal from the
scan of the N 1s region shown in Figure 4b was minimal (as
expected) and is consistent with emission from a small amount
of residual nitrogen at the surface.
Surfaces 1 and 2 were fully characterized to assist in the

identification of more complicated features of the other surfaces
discussed in this work. Figure 5 shows the narrow C 1s spectra
of the methyl and octadecyl terminated surfaces. Both of these
C 1s signals were fitted with two peaks, the C−H/C−C peak at
285 eV assigned to sp3 hybridized carbon emission, and the C−
Si peak at 283.9 eV assigned to the silicon bound carbon 1s
emission.43 The increased atomic concentration on the surface
of 2 was observed in an increased C−H/C−C peak because 2 is

Figure 3. VSFG spectrum of the solid/vapor interface of a methyl-
terminated silica substrate in the ssp polarization combination.
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functionalized with an 18 carbon alkyl chain while 1 is
functionalized with a single methyl group.

Figure 6 shows the C 1s and N 1s spectra of the 1-β-
cyclodextrin-N-(3-(silyl)propyl)-1,2,3-triazole-4-carboxamide
functionalized surface 3. In Figure 6a, the C 1s signal was broad
with a shoulder centered at 288 eV. The spectrum was
deconvoluted into five overlapping peaks in agreement with the
expected atomic structure of the organic monolayer. Two
peaks, labeled C−H/C−C and C−Si, are consistent with the C
1s emission attributed to sp3 and sp2 hybridized carbons and to
C−Si bonds, as previously described. The higher energy
broadening of the signal was resolved into two peaks. The C
O peak in Figure 6a was fitted under the shoulder and centered
at 288 eV. This peak fitting is consistent with both the C 1s
emission of the amide carbonyl carbon of the tether and with
the anomeric carbons in the β-cyclodextrin. The second peak,
which is centered at 286.2 eV, was assigned to the C 1s
emission from nitrogen-bound carbons and hydroxyl-bound
carbons in the β-cyclodextrin and is labeled C−O/C−N in
Figure 6a.43,45 The lower energy broadening of the signal was
fitted with a peak centered at 283.1 eV, in agreement with the
emission from the sp hybridized carbons. The sp C peak
indicates that some alkynes remain unfunctionalized in the
conversion of 9 to 3 (Scheme 1).46

Additional evidence of the triazole formation is supported by
the higher energy broadening in the N 1s spectrum from
surface 3 (Figure 6b), an effect that is absent in data acquired
with surface 9 (Figure S1, Supporting Information). This high-
energy region is fitted with an additional peak centered at 401.5
eV in agreement with the binding energy of the 1s emission of
the central nitrogen (NN−N) of the triazole.47,48 Addition-

Scheme 1. Synthesis of Functionalized Silica Surfaces

aβ-Cyclodextrin attachment to the silica surface. bDendronization of the silica surface followed by attachment of β-cyclodextrin to the dendrons.

Figure 4. XPS spectra of unfunctionalized surfaces. High-resolution
scans of (a) the carbon 1s region and (b) the nitrogen 1s region.
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ally, the NN−N/R−NH2 peak centered at 400.3 eV (Figure
6b) has increased in magnitude relative to the C−NH2 peak
centered at 400.3 eV (Figure S1, Supporting Information)
because of the additional nitrogen contribution from the 1s
emission of the N1 (N−NN) and N3 (N−NN) of the
triazole ring.47,48 Both spectra were fit with peaks centered at
398.1 eV (Figure 6b, Ad. N peak) in agreement with the N 1s
emission that is attributed to adventitious nitrogen and at 399.4
eV (Figure 6b, Amide peak) that is assigned to the amide
nitrogen. The observed lower energy shift relative to 399.8 eV43

is attributed to the amide nitrogen being in proximity to an
electron donating group.
Further analysis of the N 1s region of surfaces 9 and 3 was

used to quantitatively determine successful triazole formation;
the calculations for this analysis are fully described in the
Supporting Information. The results indicated that 31% of the
propiolamides of 9 were successfully converted to the triazoles
of 3 (Table 1). Overall, the XPS spectra in Figures 4−6 indicate

that XPS is a very useful method for the characterization of
surfaces bearing alkyl, alkynyl, triazole-containing, and β-
cyclodextrin functionalities. Based on comparison to these
spectra and on additional in-depth analysis, XPS was used
successfully to characterize and quantify the dendronized
surfaces.
The XPS spectra of the C 1s and N 1s regions of

dendronized surfaces 4 and 6 are shown in Figure 7. When
the narrow C 1s spectra of 4 and 6 (Figure 7a,c) are compared
to the C 1s spectrum of 3 (Figure 6a), important differences are
notable. The C−O/C−N peaks for both 4 and 6 are larger than
the same peak for 3 (288.1 eV), indicating the difference
between the alkyl tether and the dendron. This peak arises from
emissions of oxygen-bound carbons in the polyaryl ether
dendrons and the nitrogen-bound carbons.43,44 The C−O/C−
N peak in Figure 7c for 6 is significantly larger than the same
peak for 4 in Figure 7a, indicating that addition of β-
cyclodextrin was successfully achieved. The O−C−O/CO
peak for 6 in Figure 7c is also larger than the CO peak for 4
in Figure 7a, and this peak has a binding energy that is in
agreement with the anomeric C 1s emission of the acetals
present in 1,4-oligoglucosides. The size increase for this peak
was attributed to the presence of the β-cyclodextrin present on
the surface.43,49,50 XPS C 1s spectra for 3, 4, and 6 (Figures 6a
and 7a,c) all display a peak at 283.1 eV, indicating alkyne
functionality is present. This is fully expected for compound 4
(Figure 7a) and indicates incomplete triazole formation (most
likely because of steric hindrance) for 3 and 6. Comparison of
the spectra of the narrow scan N 1s regions for 3 (Figure 6b), 4
(Figure 7b), and 6 (Figure 7d) also indicates that the XPS
spectra are as expected for the reported surfaces.51,52

Quantitative analysis of the N 1s region of surfaces 4 and 6
was used to quantify the percent dendronization of the terminal
amines of surface 12 and the percent triazole formation to yield
surface 6. Equations are provided in the Supporting
Information. Amine functionalized surface 12 was converted

Figure 5. High-resolution XPS scans of the carbon 1s region of (a)
surface 1 and (b) surface 2.

Figure 6. High-resolution XPS scan of (a) the carbon 1s region of
surface 3 and (b) the nitrogen 1s region of surface 3.

Table 1. Surface Reaction Yields Determined Using
Quantitative Analysis of XPS

slide dendronization (surface) triazole formation (surface)

single layer 31% (3)
generation 1 36% (4) 31% (6)
generation 2 27% (5) 48% (7)
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to dendronized surface 4 with a 35% conversion rate. The same
analysis was performed for the formation of G2 dendronized
surface 5, which was formed from 12 with 27% conversion.
Addition of the bulkier G2 polyaryl system was less efficient.
The percent triazole formation was calculated per dendron to
be 31% and 48% for surfaces 6 (G1) and 7 (G2), respectively.
Thus, the overall amounts of β-cyclodextrins on surfaces 6 and
7 was determined based on the combined yields for
dendronization and triazole formation and was found to be
very nearly equivalent. Because the overall amount of β-
cyclodextrin on the dendronized surfaces was constant, the
efficiency of binding of C152 to the dendronized surfaces is
directly comparable (see below). The results garnered from the
quantitative analysis of the XPS spectra of dendronized surfaces
are summarized in Table 1.
Further characterization of the functionalized surfaces was

performed using surface-specific VSFG spectroscopy. Figure 8
shows the ssp spectra of the β-cyclodextrin functionalized
surface 3 (panel b), the first two generations of β-cyclodextrin
functionalized dendrons 6 and 7 (panels c and d), and the
methylated surface 1 for comparison purposes (Figure 8a).
Peak assignments for the methyl-terminated surface were

described in the Experimental Methods. Assignments for the
various β-cyclodextrin terminated surfaces have been made
based on both previous experimental and computational
Raman/IR data,53 and previous SFG data.40 All three β-
cyclodextrin terminated surfaces share three main features at
2848, 2873, and 2943 cm−1. The 2848 and 2943 cm−1 peaks
have been assigned to the methylene symmetric and
antisymmetric stretches, respectively. As these are well-
documented frequencies for alkane methylene stretches, they
are assigned to the alkane chain connecting the dendronor
simply the β-cyclodextrinto the silica substrate. The
assignment of the peak at 2873 cm−1 is less straightforward.
This feature lies where one would expect a methyl symmetric

Figure 7. XPS spectra of G1 dendron functionalized surface 4 and β-cyclodextrin functionalized dendronized surface 6. High-resolution scan of (a)
the carbon 1s region of surface 4, (b) the nitrogen 1s region of surface 4, (c) the carbon 1s region of surface 6 and (d) the nitrogen 1s region of
surface 6.

Figure 8. VSFG spectra of (a) methylated silica surface 1, (b) a silica
surface with tethered β-cyclodextrin 3, (c) β-cyclodextrin function-
alized generation 1 dendron surface 6, (d) β-cyclodextrin function-
alized generation 2 dendron surface 7. All traces were taken in the ssp
polarization combination.
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stretch to occur, but no methyl groups are present on surfaces 6
or 7. The most likely explanation for the peak at 2873 cm−1 is
that it is due to the symmetric stretch of the methylene group
directly adjacent to the silicon atom. As seen in Figure 8a, C−H
stretches for the surface methyl groups that are directly adjacent
to silicon atoms have been shown to shift to higher frequencies.
One can also learn of general trends in orientational order by
examining the signal/noise ratio. The peaks in the undendron-
ized surface spectrum of 3 (Figure 8b) are distinctly more
pronounced from the noise than the peaks in the spectra of
either of the dendronized surfaces 6 or 7 (Figure 8c,d). The
observed loss in signal/noise suggests that either fewer C−H
containing functional groups are present on the surface or more
orientational disorder occurs with the more bulky dendronized
surfaces 6 and 7 than with 3. The increased ability of the
dendronized surfaces to bind C152 molecules (described
below) provides evidence suggesting that the decrease in
signal/noise is caused by a more disordered surface and not a
less functionalized one.
To evaluate the ability of each surface to remove and retain

solutes from aqueous solution, experiments were performed
with a coumarin solute, C152, dissolved in aqueous solution.
(Also, see Figure S3 in the Supporting Information.) In
aqueous solution, C152’s emission maximum is 527 nm, and
the emission maximum is 424 nm in hexane. Upon the addition
of β-cyclodextrin to the bulk aqueous solution, the maximum
emission wavelength shifts 7 nm to a shorter wavelength,
indicating that the β-cyclodextrin is binding to the C152 and
changing the solute’s local solvation environment.
The ability of β-cyclodextrin surfaces to retain C152 was

tested using the procedure described in the Experimental
Methods. The same general trends observed in the bulk
solution measurements hold true for the surfaces. Figure 9
shows a blue-shift for C152 molecules both bound by β-
cyclodextrin (503 nm) and adsorbed to the hydrophobic
surface (499 nm) when compared to the unfunctionalized silica
(511 nm). This observation matches the blue-shift seen upon
addition of β-cyclodextrin to the bulk C152 solution and again
suggests that adsorbed coumarins are experiencing a nonpolar
environment. Functionalized surfaces showed repeatedly
reproducible behavior with minimal signs of degradation after
repeated cycling.
The sharp rise on the shorter wavelength ends of the spectra

is due to scatter off the silica from the excitation light. This rise
is present in both the functionalized and unfunctionalized slides
and is extremely sensitive to slide position and angle. This
scatter cannot be eliminated in a consistent manner from the
individual spectra but contributes only minor inconsistencies in
baselines and absolute emission intensities. Data in Figure 9
(red trace) shows that C152 adsorbs spontaneously to all three
types of silica substrateshydrophilic (panel a), hydrophobic
(panel b), and β-cyclodextrin terminated (panel c)but
adsorbed C152 is retained only by the β-cyclodextrin
functionalized slide after rinsing with water (dotted green and
short dashed blue traces are comparable to black dashed traces
in panels a and b but not in panel c). This observation
reinforces the hypothesis that retention of the dye by
cyclodextrin functionalized surfaces is due to specific binding
interactions between β-cyclodextrin and C152, and that
regardless the number of C152 molecules nonspecifically
bound to hydrophobic interfaces, they are all removed upon
rinsing with water. As noted in the Experimental Section, the
fluorescence results are sensitive to slide positioning; the blue

and green traces in Figure 9 are equivalent within experimental
limits.
Figure 10 shows that similar data is acquired from the slides

functionalized with β-cyclodextrin bound to first- and second-
generation dendrons 6 and 7. Both samples appear to retain
C152 following several 60 s rinses with pure water.
Furthermore, the emission wavelength of the C152 bound by
both generations of β-cyclodextrin dendrons (503 nm) is
consistent with the wavelength of the C152 bound by surface 3
with β-cyclodextrin functionalization but lacking the dendron
subcomponent. To summarize these results, only a short (60 s)
washing time was required to remove nonspecifically bound
C152 from 6 (G1); repeated washings of surface 6 do not
reduce the amount of C152 that is bound. For surface 7 (G2), a
second washing did remove additional C152, indicating that
more C152 is bound nonspecifically to 7 and that 7 less
effectively retains the solute from the solution via a specific
binding mechanism.
While Figures 9 and 10 show that all of the slides

functionalized with β-cyclodextrin retained C152, the fluo-
rescence data from the silica surfaces cannot resolve the
absolute amount of C152 retained. To quantify the relative
capacities of the three different surfaces, each sample was rinsed
with 50 mL of methanol to remove all detectable C152 from

Figure 9. Coumarin 152 adsorbed to (a) a clean slide, (b) a methyl
functionalized slide 1, and (c) a β-cyclodextrin functionalized slide 3
(black) prior to addition of the solution, (red) after 1 h of
equilibration in the solution, (green) after the first soak in water,
and (blue) after the second soak in water.
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the surface. Figure 11 shows retention of C152 after a 60 s wash
in water and complete desorption triggered by sonication in
methanol. The fluorescence excitation intensity of the wash was
measured and compared to the excitation from prepared C152/
methanol standards. The amount of C152 rinsed from each
sample was assumed to represent the accessible number of β-
cyclodextrin sites on the surface, and this number was

converted into a surface coverage of β-cyclodextrins capable
of forming complexes with organic solutes in aqueous solution.
The spectra from the methanol washes of 6 and 7 are shown in
Figure 12. With regard to Coumarin concentrations used in

these experiments (2.6 mg/L), these concentrations are higher
than are typical for regulated pesticides in groundwater but only
by a factor of ∼3−4 in some cases. The signal-to-noise of our
reported data exceeded 10 in many instances, inspiring
confidence that these functionalized surface can, in fact, be
relevant for wastewater remediation. The results, which are
summarized in Table 2, were informative: silica surfaces

functionalized with first-generation dendrons 6 showed the
highest C152 binding capacity with a surface coverage of 2 ×
1014 sites/cm2, followed by second-generation dendrons 7 with
1 × 1014 sites/cm2 and finally β-cyclodextrin functionalized
slides 3 with 3 × 1013 sites/cm2. All values are the average of at
least three trials.
As expected, both β-cyclodextrin dendronized surfaces 6 and

7 adsorb more analyte molecules than surface 3, which
presented singly tethered β-cyclodextrin molecules at the
surface. The observation that the first-generation dendronized
surface 6 adsorbs more C152 than the second-generation
surface 7 is counterintuitive, however, because both surfaces
bear the same overall amount of β-cyclodextrin. One likely
explanation for the fact that surface 6 shows twice the binding
capability of surface 7 is that many of the terminal β-
cyclodextrin hosts on the second-generation dendron of 7 are
inaccessible for binding by C152. The larger dendron appears

Figure 10. Coumarin 152 adsorbed to (a) β-cyclodextrin function-
alized generation 1 dendron surface 6 and (b) β-cyclodextrin
functionalized generation 2 dendron surface 7 (black) prior to
introduction to the solution, (red) after 1 hour of equilibration in the
solution, (green) after the first soak in water, and (blue) after the
second soak in water.

Figure 11. Representative spectra showing (a) retention of C152 after
a 60 s wash in water and (b) complete desorption triggered by
sonication in methanol.

Figure 12. Representative spectra of the methanol wash from (a)
surface 6 and (b) surface 7.

Table 2. Summary of Results for the Quantification of
Desorbed C152

slide (compd) [C152] (nM) C152 molecules/cm2 (×1013)

single layer (3) 11 3
generation 1 (6) 78 20
generation 2 (7) 44 10
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to angle more of its terminal cyclodextrins toward the surface
so that they are unable to encapsulate C152 because of steric
crowding of large β-cyclodextrins on the dendron. Although
dendronization of 12 did not occur quantitatively en route to
the formation of either 6 or 7, the increased density of
coumarin binding sites available for adsorption of C152 using
dendronized surfaces still enabled the adsorption of more C152
than could be adsorbed on the nondendronized surface 3.

■ CONCLUSIONS

Novel β-cyclodextrin functionalized silica surfaces that absorb
targeted analytes from bulk aqueous solutions were synthesized
and characterized. First- and second-generation polyaryl ether
dendrons were tethered to silica surfaces. Cu(I) catalyzed
cycloaddition “click” chemistry was used to append β-
cyclodextrin onto the dendronized surfaces, and a β-cyclo-
dextrin functionalized surface without the dendron was also
reported for comparison purposes. These complex surfaces
were characterized using XPS and VSFS analyses. Both
techniques indicated that the proposed architecture was
successfully synthesized. Although the synthesis procedure
reported here was used for the appendage of β-cyclodextrin
units onto dendronized surfaces, the route is highly flexible, and
a wide variety of end groups can be added onto the alkynes on
the dendrons via triazole formation. Different generations of
dendrons afford different surface densities for the end group
functionality.
These surfaces possess the adsorption and retention

capabilities for which they were designed: the functionalized
surfaces can be used repeatedly with highly reproducible results.
The adsorption ability was observed from fluorescence spectra
of the functionalized slides. These results showed that C152
had an affinity for the β-cyclodextrin functionalized surfaces
that persisted through multiple aqueous washings. Additionally,
the adsorptive capabilities of the slides were quantified by
analyzing the wash from the slides after desorption was
triggered. These results indicate that substrates functionalized
with first-generation dendrons had a greater binding capacity
than slides functionalized either with monomeric β-cyclodextrin
or with larger generation dendrons. This result can be
understood in terms of the trade-off between maximizing the
density of β-cyclodextrin on the surface versus maximizing the
number of β-cyclodextrins that can be accessed by a binding
partner such as C152. The studies reported here have provided
a methodology for characterizing and evaluating the properties
of novel, highly functional surfaces.
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