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ABSTRACT: Cr6+ ions were incorporated into the lattice sites of phase-
pure silicalite-2 made using 3,5-dimethylpiperidinium as a structure-directing
agent. The materials exhibited a remarkably well-resolved vibronic emission
consisting of a high frequency progression of 987 cm−1, which was assigned
to the fundamental symmetric stretching mode of the (Si−O−)2Cr(O)2
group dominated by the terminal CrO stretch. A low frequency
progression at 214 cm−1, which was assigned to a symmetric O−Cr−O
bending mode, was built on each band of the 987 cm−1 progression. Studies
of the vibronic structure of the emission spectrum as a function of
temperature and Cr ion concentration reveal an abrupt change in the
Franck−Condon factor of the emission at 20 K for samples with very low Cr
concentrations (0.03 mol %). The change in the Franck−Condon factor is
attributed to a temperature-induced structural change in the coordination
sphere of the metal ion. This structural change was found to be accompanied
by a concomitant structural change in the lattice structure of the silicalite-2. This structural change, as studied by temperature-
dependent X-ray diffraction, did not involve a crystallographic phase change but an abrupt decrease in the unit cell volume,
caused specifically by a decrease in the c-axis. This structural change was not observed in pure silicalite-2, indicating that it is not
intrinsic to the silicalite lattice. Moreover, no similar structural change was observed at higher Cr loading (1 mol %). This
suggests that the presence of the Cr ions and the changes in the coordination geometry they undergo at low temperature induced
the observed contraction in the silicalite-2 lattice, in effect acting as a thermal switch that decreases the unit cell volume.

■ INTRODUCTION
In recent years there has been considerable interest in
molecular-sieve materials containing redox active transition
metals, which act as catalytic sites for performing oxidation
reactions.1 The paradigm for this class of materials is Ti-
silicalite-1 (TS-1), which contains Ti4+ sites distributed in a
silicalite-1 (ZSM-5) matrix.2,3 This system was found to
catalyze a number of oxidation reactions using hydrogen
peroxide, including the oxidation of phenol to hydroquinone
and the epoxidation of vinyl groups.4 Early investigations aimed
at characterizing TS-1 focused on determining the coordination
environment of the titanium site, which proved to be a
distorted tetrahedron from the isomorphic substitution of Ti4+

for Si4+ in the silicalite lattice. Considerable effort was also
spent in determining whether the Ti substituted randomly in
the available sites in the ZSM-11 structure or whether certain
sites were preferentially occupied. The preponderance of data,
obtained primarily from neutron-scattering studies, supports
random occupation.5−7 For TS-1 and other redox-active
silicalite materials, the catalytic activity that is unique to these
systems comes from a synergy between the silicalite lattice and
the metal ions. In particular, the Lewis acidity of the metal site
coupled with the hydrolytic lability of the Si−O−M linkages in
the sieve give rise to hydrogen peroxide activation and
subsequent oxidation of organic substrates in TS-1. Recently,
we reported the synthesis and characterization of phase-pure,

Cr-silicalite-2 (ZSM-11) redox-active sieve materials.8 In this
work, well-formed materials of high crystallographic quality
containing up to 2.5 mol % Cr ions were synthesized. The Cr6+

site was incorporated into the silicalite lattice with retention of
the C2v terminal dioxo structure, (SiO−)2Cr(O)2, which is
well established for Cr6+ supported on amorphous silica.9 As
with other metal-substituted zeolites, we observed the
expansion of the unit cell with the substitution of Cr6+ ions.
In spectroscopic studies of these materials, we also observed an
extremely unusual and previously unknown synergistic effect
between a Cr and the overall crystal lattice. Specifically, we have
found that Cr6+ ions, substituted at very low concentrations
(0.03 mol %), undergo a thermally induced structural change in
their coordination geometry that causes an abrupt contraction
of the c-axis with a concomitant change in the unit cell volume.
In effect, the structurally labile metal ion creates a thermal
switch that can change the structural properties of the
molecular sieve.

■ EXPERIMENTAL SECTION
Synthesis. Synthesis of Cr6+-silicalite-2 was carried out using a
previously published procedure.8 Because of the dependence of the
observed spectroscopic effects on the Cr concentrations, accurate
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determinations of the concentrations were carried out using ICP-MS.
Specifically, samples for ICP-MS analyses were gravimetrically
dissolved in 2% HNO3 prepared using Optima grade HNO3 and
18.3 MΩ MQ water under Class 100 clean lab conditions. The total
dissolved solid (TDS) load of the samples was kept <2 ppm for
efficient analyte ionization during ICP-MS analyses. Dissolved samples
were analyzed by Agilent 7500cs quadrupole inductively coupled mass
spectrometer (Q-ICP-MS) equipped with an octopole reaction cell
(ORC). A precleaned quartz sample introduction system along with
platinum extraction cones and a 100-μL nebulizer were used to
minimize blanks. The Q-ICP-MS was operated under hot plasma
conditions (1500W RF), and sensitivity was optimized prior to each
set of analyses. The ORC cell was optimized to knock out plasma- and
matrix-based interferences on analyte masses. External calibration
using multielement ICP standard (high purity standard) coupled with
indium (In) standard addition was performed for accurate
concentration determination. The reproducibility for Cr, Mn, Fe,
Co, Ni, and Zn on NIST SRM (1643e) was determined to be <3%.
Emission Spectroscopy. The emission spectra of Cr6+-silicalite-2

were obtained using a 300 mm spectrograph (Acton Research
Corporation Spectra Pro 308i, 150 g mm−1 grating blazed at 500
nm) and a back-thinned CCD (1340 × 400 pixels, Princeton
Instrument LN/CCD-400EB-G1, operated at −90 °C). The sample
was mounted in a Supertran-VP continuous flow (sample in vapor)
cryostat (Janis Research Corporation). A Spectra-Physics DCR-3G
Nd:YAG laser (10 Hz, 10 ns pulse, 1 J/pulse) operating in the third
harmonic provided excitation at 355 nm. Emission excitation spectra
were collected on a Spex Fluorolog II equipped with 0.22 m double
monochromators (Spex 1680) and a 450 W Hg/Xe lamp. Front face
(22.5°) collection was used to collect both emission and emission
excitation spectra. Cutoff filters were used to suppress second-order
excitation lines. Samples were mounted on an APD model DE-202
cryostat, shrouded, and evacuated. The samples were carefully aligned
to maximize intensity in the detector prior to collection of spectra to
ensure the best reproducibility of emission intensities. All reported
spectra were corrected for the lamp profile and the detector response.
Emission spectra reported in wavenumber units were corrected in the
standard way for the bandpass variability in spectra collected at fixed
wavelength resolution.10

Temperature-Dependent X-ray Diffraction. The X-ray powder
diffraction (XRD) patterns were recorded by a HUBER imaging plate
Guinier camera 670 with Cu Kα radiation (1.540 59 Å) with a Ge
monochromator. Data were collected with temperatures down to 10 K
obtained by a cryogenics compressor with He. Unit cell parameters
were obtained through refinement of the strongest peaks in the
diffraction pattern at each temperature in the tetragonal I4m̅2 space
group of ZSM-11.

■ RESULTS AND DISCUSSION
The series of d0 metal ions (Ti4+, V5+, and Cr6+) dispersed as
isolated metal sites on amorphous silica all showed similar
spectroscopic properties that consisted of long-lived lumines-
cence arising from ligand-to-metal charge-transfer (LMCT)
bands and resolved vibrational structure at frequencies
characteristic of metal−oxygen modes coupled to the LMCT
bands. The energy of the emission decreased across the series
concomitant with the reduction potential of the ion. Due to the
large amount of inhomogeneous broadening arising from the
distribution of site geometries in the amorphous matrix, the
emission spectra were typically quite broad, with the vibronic
structure poorly resolved and appearing as a single mode
between ∼950 and 980 cm−1 in the emission envelope.
Chromium (6+) ions have been well studied spectroscopically,
in part because they are the starting point for the generation of
the Phillips ethylene polymerization catalyst.11 The local
coordination geometry of the Cr6+ sites is of C2v symmetry,
with two terminal oxo groups and two linkages to the silica

network.9,12 In an amorphous silica matrix, the Cr6+ site exhibits
a long-lived (τ ∼30 μs) red luminescence, centered around 617
nm with a single resolved vibronic mode of ∼955 cm−1 in
frequency.9,13

Our previous studies established that the C2v coordination
geometry is retained with substitution of Cr6+ in the silicalite-2
matrix.8 Moreover, the materials that result are typically of
excellent crystalline quality, a fact that is verified for the specific
materials used in this study through XRD analysis and scanning
electron microscopy.
Spectroscopically, the materials showed a red luminescence

centered around 650 nm. The emission and excitation spectra,
collected at 20 K, are shown in Figure 1. Apart from the average

energy of the band, the spectrum differed dramatically from the
emission observed for the Cr6+ site in amorphous silica.9,13

Specifically, the spectrum exhibited an extremely well-resolved
vibronic structure indicative of a relatively small amount of
inhomogeneous broadening. The emission excitation spectrum,
monitored at 644 nm, is also shown in Figure 1. The spectrum,
consisting of two bands in the UV−vis region of the spectrum
at 500 and 375 nm, was comparable to the diffuse reflectance
electronic spectrum of Cr6+ in silicalite-2.8 These observations
are consistent with the origin of the structured emission being
from the Cr6+ site and with the structure of the Cr6+ being
similar across all types of silica support.9 The Stokes shift
between the emission maximum and the lowest energy band of
the excitation spectrum was about 4600 cm−1, which was
anomalously large, suggesting that the excitation to the first
excited state was likely a weak, spin-forbidden transition that
was not observable in the spectrum. This is consistent with
lifetime data, which show the excited state to be a long-lived
phosphorescence. The broad emission spectra and poorly
resolved vibrational structure of Cr6+ sites in amorphous silica
are generally thought to arise from inhomogeneous broadening,
due to the distribution of site symmetries that occur in the
amorphous matrix. As such, the sharpness of the vibronic bands
in Cr6+-silicalite-2 likely arose from identical or nearly identical
site symmetries imposed by the crystalline matrix, which
reduced inhomogeneous broadening.
While no vibronic structure was observed in the excitation

spectrum, the first resolved mode of the first progression of the
emission spectrum overlaps the red edge of the excitation
spectrum and is assigned as E00 at 16 505 cm−1. Detailed
analysis of the resolved vibronic modes indicated that they are

Figure 1. Emission (red) (355 nm excitation) and emission excitation
spectra (644 nm monitor) collected at 20 K.
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composed of a long progression at ∼987 cm−1, of which the
ν(0−0) though ν(0−4) modes are well resolved, with the most
intense transition being the ν(0−1) mode (black ladder
diagram, Figure 2). A low frequency mode of ∼214 cm−1 was

built on each of the high frequency modes (green ladder
diagram, Figure 2). The 985 cm−1 was well characterized and
was assigned to a symmetric stretch of the (Si−O)2Cr(O)2
moiety dominated by the terminal oxo bonds.9,14−17 The low
frequency mode has not been assigned spectroscopically;
however, reliable calculations by Dines and Inglis predict a
relatively intense, totally symmetric low-frequency mode at 214
cm−1, which is composed of primarily O−Cr−O bending,
which is a reasonable assignment.14 Close inspection of the
peak shapes of the vibronic modes revealed that the bands
associated with every fourth mode ν(0−3) of the short
progression showed evidence of two overlapping bands, as can
be seen in the blue box in Figure 2. In fact, on the basis of the
frequency of the short modes, the position of the ν(0−3) band
fell on the shoulder of the band, suggesting that another mode
was present. This mode appeared to be another long mode of
∼980 cm−1, associated with the chromium dioxo symmetric
stretch, which starts from a different origin than the other
resolved modes. The origin could begin at 15 878 cm−1 where
the first band was observed or, possibly, at 16 855 cm−1 (dashed
red line in Figure 2). A band at the latter position was not
directly seen in the spectra, but it simply may be too weak to
observe.
The vibrational structure in the emission spectra of the Cr

site was carried out using the time-dependent theory, initially
developed by Heller and utilizing equations provided by
Zink.18−23 The spectral simulations generated by this method
rely on several key parameters, including the frequencies of the
resolved vibronic modes, the normal coordinate change, Δ,
which in the time-dependent simulations is a unitless
parameter, and the damping factor, Γ, which accounts for
both homogeneous and inhomogeneous components of
spectral broadening. In addition, to simulate the full width of
the spectrum, additional modes, unresolved in the spectrum but
known to be present in the molecule, were added to improve
the simulation.

The emission spectrum collected at 20 K and its simulation
are shown in Figure 3a. An excellent simulation was obtained

using the high-frequency 986 cm−1 mode associated with the
(Si−O)2Cr(O)2 symmetric stretch, upon which a low
frequency mode at 214 cm−1 was built (Table 1, shaded in
gray). To fully simulate the spectral envelope, which was
composed of unresolved modes of the (Si−O)2Cr(O)2
group, additional modes were added (Table 1, unshaded), all
of which were taken from the calculations of Dines and Inglis
for the (Si−O)2Cr(O)2 species.14 This resulted in a very
good simulation of the spectra. The normal coordinate change
for each mode used and the damping factor used to achieve the
best simulation are given in Table 1. Interestingly, the
additional long mode discussed above was also included,
which improved the agreement between the simulation and the
spectra significantly. The values for the frequency and
displacement of this mode that yielded an optimum simulation
proved very close to the primary long mode (Si−O)2Cr(O)2
symmetric stretch (977 and 987 cm−1, Δ = 2.20 and 2.02,
respectively; Table 1), suggesting that this progression, which
has a completely different origin, is likely a (SiO)2CrO2
symmetric stretch emanating from a Cr sitting in another

Figure 2. Emission spectrum of 0.03 mol % Cr-silicalite-2 collected at
20 K with 355 nm excitation.

Figure 3. Emission spectrum (red) and emission simulation (green) of
0.03 mol % Cr-silicalite-2 excited at 355 nm collected at (a) 20 K and
(b) 6 K.
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distinct crystallographic site in the lattice. The low intensity of
the modes suggested that it was either an inherently weak
emission or the site was more poorly populated.
Upon cooling of the sample from room temperature to 20 K,

the emission spectrum underwent the expected intensity
increase and band sharpening, but the positions of the
vibrational bands remained unchanged. In the temperature
range between 20 and 9 K, however, there was an abrupt
change in the emission band shape and a shift in the centroid of
the emission toward lower energy. The shift in band position
was accompanied by a systematic change in the intensity
distribution of vibronic modes, in that there was an increase in
intensity of the vibrational progression going to lower energy so
that, for example, below 20 K the ν(0−2) modes became as
intense as the ν(0−1) mode. Changes in the emission band
shape and the intensity distribution of the resolved vibronic
modes are directly governed by the normal coordinate change
between the ground and excited state.
The magnitude of the normal coordinate change, Δ, could

also be determined by calculating the Huang−Rhys factor from
the spectral data, which provided a convenient method of
correlating the structural change with the temperature. The
Huang−Rhys factor, S, for the vibronic mode, n, was
determined from the ratio of the intensities of the ν(0−0)
and ν(0−n) modes (eq 1a).24 In this work, the Huang−Rhys
factor was determined from the ratio of the intensity of the
ν(0−0) and ν(0−1) transitions of the high frequency mode,
which is related to the normal coordinate change, Δ, between
the ground and excited state through eq 1b.
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For Cr6+-silicalite-2, a plot of S as a function of temperature is
shown in Figure 4. As can be seen, at temperatures above 20 K,

S decreased slightly with temperature, reaching a value of ∼1.5
at 20 K. Below 20 K, there was a very abrupt change in the
magnitude of S, which almost doubles and then plateaus at a
maximum of 2.75 at 10 K. A change such as this must be due to
a relatively abrupt structural change around the chromium site
in the crystal lattice as the temperature drops below 20 K.
While the abrupt change in the Huang−Rhys factor was
evidence of a change in the structure of the Cr site, the primary
characteristics of the resolved vibronic bands in the emission, in
particular the high frequency symmetric stretch with the low-
frequency progression built on it, were still present, which
suggests that what occurred was not a drastic change in the
geometry of the molecule to a different point group but instead
a more modest rearrangement of the coordination sphere.
Ideally, direct measurement of the vibrational spectra of the Cr
site might provide information about the structural change, but
unfortunately, the low concentration at which the Cr was
present precluded this. In an attempt to extract some
information from the resolved vibronic modes in the emission
spectra, further simulations using the time-dependent theory
were carried out on the emission spectrum collected at 6 K.
This was done by adjusting the frequency, displacement, and
damping factors of the existing set of frequencies to bring them
into agreement with the 6 K spectrum. As can be seen in Figure
3b, a reasonably good simulation was obtained by means of this
approach using the parameters listed in Table 1. As would be
expected from the change in Huang−Rhys factors, the normal
coordinate change required to achieve a good simulation
increased in value. More importantly, to achieve a good
simulation, higher frequencies of the observed modes were
required. While it is not possible to come up with any details of
the structural change, the fact that the same modes appeared to
be still present after the thermal transition, albeit at somewhat
higher frequencies, indicated that the primary metal−oxygen
bonds comprising the (Si−O)2Cr(O)2 site were still intact.
From the standpoint of vibrational modes, one structural
interaction that would be expected to increase the vibrational
frequencies while retaining the same molecular structure would
be enhanced bonding into the silicalite network. As discussed in
our previous study, the placement of the (Si−O)2Cr(O)2 site

Table 1. Frequencies and Parameters Used in Time-
Dependent Simulations

Figure 4. Dependence of the Huang−Rhys factor (S) calculated from
the vibronic progression in the emission spectra of 0.03 mol % Cr-
silicalite-2 as a function of temperature.
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in the silicalite matrix imposes steric strain because of the large
size of the CrO2 unit and the fact that it occupies a tetrahedral
site in the lattice through only two bonds, leaving, presumably,
two dangling Si−OH groups in close proximity to the Cr. This
is directly manifested in the large unit cell volume change (for a
small Cr6+ ion) of the silicalite lattice as a function of Cr
concentration. As the temperature decreases, the unit cell
dimensions contract, consistent with conventional thermal
expansion parameters. At a certain point, corresponding in our
system to ∼20 K, the proximity of the dangling Si−OH groups
and the Cr center is close enough for bonding interactions to
occur. The addition of electron density from the lone pairs on
the oxygen to the empty d orbitals on the high-valent (i.e.,
electron deficient) Cr ion provides the driving force for bond
formation. When this happens, coupling of the (Si−O)2Cr(
O)2 unit to the lattice becomes stronger (i.e., additional Si−O−
Cr force constants contribute to the normal mode), leading to
higher frequencies of the existing modes. This postulated
process is shown schematically in Figure 5.

If this hypothesis is correct, we would expect there to be an
abrupt contraction of the silicalite in the region of the
coordination sphere of the Cr ion. This contraction should
be accompanied by a change in the unit cell dimensions of the
silicalite matrix. To test this hypothesis, powder X-ray
diffraction (XRD) data of the Cr6+-silicalite-2 materials were
collected as a function of temperature. The results of this study
are shown in Figure 6. For pure silicalite-2 (0% Cr), there is a
relatively monotonic decrease in the lattice dimensions and the
unit cell volume as a function of temperature associated with
conventional thermal contraction. The decrease begins to
plateau below ∼40 K, and no unusual behavior is observed
below 20 K. For the 0.03 mol % sample, however, the
monotonic contraction in the unit cell parameters parallel the
pure silicalite-2 until ∼20 K, where the spectroscopic changes
are observed in the Cr emission. At that temperature an abrupt
drop in the unit cell volume occurs. Interestingly, the abrupt
contraction in the unit cell volume is caused by a sharp decrease
in the length of the c-axis, but not by changes in the a-, b-axes
which have ceased to change significantly by ∼30 K. This is
consistent with the Cr ions, at very low loading, not being
randomly distributed but instead preferentially occupying a
specific site or limited distribution of sites in the lattice. The
specific location of the sites being such that thermally induced
changes in the coordination geometry of the Cr will result in a
contraction of the lattice along a specific crystallographic
direction. As noted previously, this structural change is not
observed at concentrations of 0.5 mol % and greater. While the
vibrationally structured emission is observed at higher loadings,
there is no abrupt change in the Huang−Rhys factor when the

temperature dropped below 20 K. For a 2.0 mol % sample,
temperature-dependent XRD (Figure 6) confirmed that no
abrupt changes in the lattice parameters were observed at 20 K
or below. A plausible explanation for this is that higher Cr
loadings expand the lattice parameters so that even with the
contraction that occurs during cooling the close proximity
interactions between the silanols and the Cr is not attained so
that bonding interactions cannot form. While this explanation
appears plausible we cannot rule out other processes that may
be occurring and that may also explain the phenomenon.
In summary, we have observed that small amounts of Cr ions

incorporated into a silicalite-2 lattice can induce structural
changes as a function of temperature: a phenomenon that we
do not believe has been previously reported. We were able to
observe this both through the changes in the immediate
coordination environment around the metal atoms and through
the concomitant structural changes in the silicalite crystal lattice
as a whole. We observed the former through the temperature-
dependent changes in the vibronic structure of the emission
and the latter through the changes in the crystallographic
parameters that occur at the same temperature. Our

Figure 5. Schematic showing the proposed origin of the abrupt
structural changes due to dative bond formation of the between
dangling silanols and the Cr6+ ions.

Figure 6. Change in the unit cell of the (a) a-axis, (b) c-axis, and (c)
volume of 0, 0.03, and 2.0 mol % Cr-silicalite-2 as a function of
temperature.
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observation of metal site-induced structural changes in a
molecular sieve material affords, possibly, a strategy for building
thermomechanical or thermo-optical properties into such sieve
materials by the incorporation of structurally labile metal sites.
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