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ABSTRACT: MIL-53(Al) is among the most “flexible”
metal—organic frameworks and significantly changes its
structure when guest molecules are introduced into the
framework’s pores. The guest molecules interact with y,-OH,
which is a hydroxyl group bridging two aluminums. This
interaction is thought to play an important role in the
adsorption of molecules into the pores. Here, we report
infrared absorption, infrared pump—probe, and two-dimen-
sional infrared spectroscopy on a deuterated bridging hydroxyl,
#,-OD, in MIL-53(Al) loaded with various guest molecules.
Depending on guest, large vibrational frequency shifts,
broadening of absorption band, enhancement of absorption
coefficient, and acceleration of vibrational relaxation were

Ultrafast Infrared Spectroscopy

Hydrogen Bonding Dynamics in MIL-53(Al)

observed, which are all signatures of hydrogen bonding interactions between the bridging hydroxyls and the guest. 2D IR
spectroscopy reveals that the time evolution of the vibrational frequency occurs on multiple time scales: subpicosecond dynamics
caused by localized hydrogen bond fluctuations and picosecond dynamics of the framework lattice, followed by significantly
slower dynamics likely induced by global reconfigurations of the guest molecules in the pores. When benzonitrile, a strong
hydrogen bonding agent, is introduced into the pores, an oscillatory feature was observed in the time evolution of the frequency,
which was assigned to underdamped hydrogen bond fluctuations.

I. INTRODUCTION

In metal—organic frameworks (MOFs), metal atoms or
inorganic metal clusters are connected by organic linkers to
create regularly ordered nanopores. These nanopores can
adsorb guest molecules, rendering the MOFs promising
candidates for nanostructured gas storage systems' and
selective filters for liquids.” The structures and properties of
the MOFs depend on the types of metal clusters and organic
linkers, which lead to a truly rich variety of MOFs and their
applications. For example, zirconium-based UiO-66 MOF
consists of three-dimensional octahedral and tetrahedral pores
and shows high mechanical and chemical stability.” Therefore,
UiO-66 MOF can support functional molecules as the catalysts
for a variety of reactions.”

In contrast, some MOFs show an intriguing property that
their pores undergo structural changes upon the introduction of
guest molecules.””’ These MOFs are often referred to as
flexible MOFs, and their flexibility is considered as a key factor
for enhanced capacity and selectivity in gas adsorption process.
MIL-53(Al) is a representative flexible MOF.® In MIL-53(Al),
aluminum atoms are joined by benzene-1,4-dicarboxylate
(BDC) linkers and bridging hydroxyls (u,-OH) to form one-
dimensional channels (Figure 1A,B). It has been shown by
powder X-ray studies that the pores are substantially deformed
when they are loaded with guest molecules.” This guest-
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induced deformation of the structure is often referred to as
“breathing” motion of the MOF. There have been indications
that hydrogen bonding between guest molecules and the p,-
OH in the framework leads to the deformaton.”® Thus, it is
useful to characterize both the time-averaged and dynamical
nature of hydrogen bond interactions between the framework
and guest molecules.

Infrared spectroscopy has been very successful in studying
hydrogen bonding interactions in many systems. When a
hydroxyl forms a hydrogen bond with an acceptor, several
distinct changes are known to be induced in the hydroxyl
stretch infrared absorption band; there is a red-shift in the
resonance frequency, an enhancement of the absorption cross
section, and often broadening of the absorption band. These
features in infrared absorption spectra are often so clear that
they are important criteria associated with hydrogen bonding."’
In addition, advances in ultrafast infrared spectroscopy have
made it possible to monitor the fluctuations of the hydrogen
bond on subpicosecond to 100 ps time scales. Ultrafast infrared
spectroscopy has provided insights into the dynamics of various
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Figure 1. (A, B) Schematic illustrations of MIL-53(Al) MOF structure
from the front view (A) and the side view (B). Aluminum atoms
(blue) are connected by benzene-1,4-dicarboxylate (BDC) linkers and
bridging hydroxyls (u,-OH). Note that in the side view (B) only the
terminal carboxylate groups of the BDC linkers are shown for clarity.
The p,-hydroxyls (arrows) are facing into the one-dimensional pore
channels and are expected to form hydrogen bonds with guest
molecules. (C) The four guest molecules introduced into the MIL-

53(Al) pores.

molecular systems, from bulk water to proteins, supercooled
liquids, and ionic liquids."' >

The investigation of MOFs with ultrafast infrared spectros-
copy has become possible due to the significant improvements
in both experimental and theoretical methodologies.”*>® Here
we report the application of infrared vibrational spectroscopy to
elucidate both the time-averaged and the dynamical nature of
the interactions between various guest molecules and the
bridging hydroxyls in MIL-53(Al) frameworks. The bridging
hydroxyls were partly deuterated to yield p,-OD, and the
stretching vibration of this key hydroxyl was studied using
several methods. Infrared absorption spectroscopy clearly
revealed that u,-OD forms hydrogen bonds with guest
molecules, and the strength of the hydrogen bonds depends
on guest molecule as seen by the shifts in the peak position.
Infrared pump—probe spectroscopy showed that stronger
hydrogen bonds lead to faster population relaxation of the
excited OD vibration. The nature of the framework—guest
interactions, however, was most clearly seen in the dynamics of
the hydrogen bonds probed by two-dimensional infrared (2D
IR) spectroscopy. 2D IR spectroscopy monitors the temporal
fluctuations of the hydrogen bonding strength occurring on
subpicosecond to subnanosecond time scales. The results show
that the hydrogen bond evolves on three distinct time scales
(subps, ~ps, and >subns), corresponding to the local hydrogen
bonding dynamics, framework lattice motion, and the
reconfiguration of guest molecules, respectively. When
benzonitrile, a strong hydrogen bonding acceptor, forms a
hydrogen bond with x,-OD, we observed an underdamped
oscillatory feature in the temporal evolution of the hydrogen
bonding strength. Possible origins of this oscillatory feature are
discussed.

2D IR spectroscopy was previously applied to another
metal—organic framework, UiO-66, functionalized with an

iron—carbonyl complex as a vibrational probe.”’ Here, the
bridging hydroxyls, which are native to the framework, are used
as the vibrational probe. The dynamics inside the MOF were
probed directly without the chemical modification associated
with introducing a bulky vibrational probe. The bridging
hydroxyl participates in the hydrogen bond formation between
the framework and the guest molecules, enabling direct
characterization of the hydrogen bonding.

Il. RESULTS AND DISCUSSION

A. Sample Preparation and Characterization. Com-
mercially obtained MIL-53(Al) particles (Basolite A100, Sigma-
Aldrich) were activated,® deuterated,”” and loaded with various
solvents: benzonitrile (BzCN), phenyl selenocyanate
(PhSeCN), benzene, and cyclohexane (see Figure 1C). The
detailed sample preparation procedures are given in the
Supporting Information. The deuterated u,-hydroxyl, y,-OD,
shows a resonant absorption between 2635 and 2735 cm™
depending on the guest molecules. This frequency range is
covered by the tunable frequency range of the infrared pulses.
The experiments are conducted with an infrared pulse shaping
system using a germanium acousto-optic modulator
(AOM),”** which is necessary for pump—probe and 2D IR
spectroscopy discussed later. BZCN and PhSeCN were readily
adsorbed into the pores. The frameworks loaded with BzCN
and PhSeCN were prepared by immersing the activated MIL-
53(Al) in BzCN or PhSeCN overnight. The external liquid was
removed from the MOFs using suction filtration under a
constant flow of very dry air. The thermogravimetric analysis
(TGA) showed that the frameworks loaded with BzCN in this
manner contained 0.93 BzCN per one pu,-hydroxyl (Figure
S1A). The framework loaded with PhSeCN might contain bulk
PhSeCN which was not fully removed by the filtration process
(Figure S1B), but such PhSeCN does not affect our
measurement on u,-OD located inside the pore. For the
infrared spectroscopy experiments, the particles were immersed
in paraffin oil for index matching. Because benzene and
cyclohexane tended to come out of the pores, the activated
MIL-53(Al) was immersed in benzene or cyclohexane in the
sample cell for the infrared experiments so that the pores are
filled with the guest molecules, and the sample is isolated from
atmospheric water. When measurements on the MIL-53(Al)
with empty pores were performed, the activated particles were
sealed in the sample cell in a glovebox to prevent absorption of
atmospheric water.

B. Infrared Absorption Spectroscopy. FT-IR spectra of
U,-OD stretch in MIL-53(Al) loaded with the four different
guest molecules and with empty pores are shown in Figure 2A.
Each absorption band was normalized at the peak maximum.
The background subtraction procedure is outlined in the
Supporting Information (Figure S2). When the pore is empty
(no guest molecule), y,-OD shows a resonant absorption at a
very high frequency of 2733 cm™'. For comparison, deuterated
methanol (CH;OD) in the gas phase has its OD stretch
absorption at 2720 cm™.*° Thus, p,-OD in empty pores
appears to be well isolated from interactions with other
moieties.

With guest molecules in the pores, the p,-OD resonant
frequency shifts to the red. The amount of the shift strongly
depends on the guest molecules, and when BzCN, a strong
hydrogen bond acceptor, is introduced, a very large red-shift of
~90 cm™' was observed, indicating that a well-defined
hydrogen bond is formed between a guest BzCN and a
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Figure 2. (A) Infrared absorption spectra of ,-OD in the MIL-53(Al)
framework with various guest molecules. A large shift from the peak
position with an empty pore (2733.0 cm™") indicates a formation of a
well-defined hydrogen bond. (B) Absorption line widths (fwhm) from
the absorption spectra in (A). The line widths are reasonably well
correlated with the peak positions, i.e., hydrogen bond strength. (C)
Normalized squared transition dipole moments estimated by
comparing linear absorption signals and pump—probe signals. The
transition dipole moment is enhanced as a stronger hydrogen bond
acceptor is introduced into the pore.

framework 4,-OD. Different guest molecules form hydrogen
bonds with various strength. It is clear from Figure 2A that
PhSeCN forms a weaker hydrogen bond with p,-OD than
BzCN, as it shows an ~60 cm ™" red-shift as opposed to an ~90
cm™! shift with BzCN. It is reasonable to assume that y,-OD is
interacting with the nitrile (CN) group of BzCN and PhSeCN;
in BzCN, the CN group is directly conjugated with the
aromatic ring, and the nitrogen atom is therefore supplied with
additional electron density, while in PhSeCN, the selenium
atom blocks the direct conjugation between aromatic ring and
CN. Therefore, BzCN is expected to be a stronger hydrogen
bond acceptor than PhSeCN, which is consistent with the
spectral shifts.

Remarkably, when benzene is the guest, y,-OD shows an
~33 cm™" red-shift, which is significantly larger than the ~17
cm™" shift with cyclohexane in the pores. The molecular shapes,
sizes, and the dielectric constants for benzene (¢ = 2.27) and
cyclohexane (& = 2.02) are fairly close. Thus, this significant
difference in the peak shifts is unlikely to be caused by a
difference in the solvent reaction fields formed by benzene and
cyclohexane. It has previously been shown that benzene forms a
well-defined complex with phenol through OH:--z hydrogen
bonding.’"** 1t is likely that similar 7 hydrogen bonding is

formed between benzene and y,-OD in the framework. In
contrast, because cyclohexane is unlikely to form a well-defined
hydrogen bond with a hydroxyl, the ~17 cm™" shift caused by
the introduction of cyclohexane into the pores is induced by a
nonspecific interaction, such as a dipole—induced dipole
interaction.”

As seen in Figure 2A, in addition to the peak positions, the
absorption line widths vary. The line width (full width at half-
maximum, fwhm) with respect to the peak position is plotted in
Figure 2B. It can be seen that the line width is well correlated
with the peak position as an indicator of the hydrogen bonding
strength; a stronger hydrogen bond tends to yield a broader
absorption band. The broadening of the absorption band can
be caused by two mechanisms, namely homogeneous broad-
ening and inhomogeneous broadening.”* To fully characterize
the variance of the bandwidth, these two contributions must be
separated. This separation will be achieved using two-
dimensional infrared spectroscopy as discussed in section E.
With strong hydrogen bond acceptors introduced, the observed
absorption line shapes are somewhat asymmetric, with
broadening observed on the red sides of the bands. These
asymmetries can arise from possible distinct configurations of
the guest molecules in the pores or from the non-Condon
effect in which the absorption cross section varies across the
band. The non-Condon effect is known to occur in hydrogen
bonding systems with the cross section increasing on the red
side of the line.””*

Another important criterion for the hydrogen bond
formation is the enhancement of the absorption cross section.
The absorption cross section is proportional to the square of
the transition dipole moment magnitude, ;% As discussed in
the Supporting Information, lu;/* was evaluated by comparing
the absorbance (S « Ius?) and the pump—probe signal
amplitude (S o luyI*). Figure 2C shows the plot of $©)/S
lugl* for different guest molecules with respect to the peak
positions. luyl* for the empty pore was normalized to 1, and the
other lul* s were scaled to the empty pore values. It is evident
that the peak position and the cross section are correlated. The
cross section is significantly enhanced by a hydrogen bond
acceptor in the pore. While the enhancement is obvious when
BzCN, PhSeCN, and benzene are introduced, the enhancement
by cyclohexane is relatively minor, supporting the idea that
cyclohexane is not forming a well-defined hydrogen bond with
the bridging hydroxyl.

C. Infrared Pump—Probe Spectroscopy. Polarization-
selective pump—probe (PSPP) spectroscopy was applied to the
bridging hydroxyl, u,-OD. Experimental details of the PSPP
experiment can be found in the Supporting Information. The
PSPP experiment is essentially transient absorption spectros-
copy where pump and probe pulses have an identical infrared
spectral profile. The spectra of the infrared pulses were
centered at the peak positions of y,-OD (Figure 2A) for each
sample, with the spectral bandwidth of >90 cm™ fwhm. In the
PSPP experiment, 4,-OD is pumped first by a polarized “pump”
pulse, which brings some of the vibrational ground state
population to the first vibrational excited state. After some
waiting time, t, the second “probe” pulse crosses in the sample.
The polarization of the probe pulse is either parallel or
perpendicular to the pump pulse. Because the pump pulse has
bleached the ground state population, the absorption in the
probe pulse by p,-OD is reduced. The resultant increase in the
probe transmission is the pump—probe signal. The signal
amplitude depends on the time ¢ between the pump and probe
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Figure 3. Dependence of the pump—probe signal on the delay time ¢
for 41,-OD bound to BzCN. I;(t) and I, (t) were acquired by setting
the polarizations of the two pulses parallel and perpendicular,
respectively. The unwanted artifacts, a heating signal and a growth
signal, were removed as described in the Supporting Information
before the data were further processed to yield the population decays
and the anisotropy decays.

pulses. The pump—probe signals for the parallel and
perpendicular polarizations are denoted as Ij(t) and I, (%),
respectively. Figure 3 shows data for u,-OD bound to BzCN.

The pump—probe signals, as shown in Figure 3, contained
two types of features other than those that provide the desired
information. First, well-known “heating” signals were observed
as offsets in the data (signal above zero with no slope) at very
long times in the pump—probe signals.'" Also, at early time (<2
ps) a growth in the signal amplitude was observed (Figure 3,
inset). The same growth signal was observed in nondeuterated
MIL-53(Al) powders which do not have resonant vibrational
modes in the 2640—2730 cm™ region. Therefore, the growth
signal is definitely not 4,-OD in origin and may arise from
minor contaminants in the sample, such as Al,O;. These extra
signals were removed quantitatively; the detailed procedure is
found in the Supporting Information (Figure S3).

Using the measured I;(t) and I,(t), the normalized
population decaoy, P(t), and the anisotropy decay, r(t), can be
constructed as’

P(t) = (I(t) + 2L,(t))/3 (1)

(t) = L) = I,(t)
AN TORSIN) @

The population decay, P(t) (see Figure 4 for all samples), is
proportional to the number of 4,-OD in the vibrationally
excited state. The anisotropy, r(t) (see Figure S for BzCN-
loaded sample), gives the orientational relaxation correlation
function (second Legendre polynomial correlation function).
Because the angular motion of the y,-ODs is highly restricted
in the MOF, the orientation of y,-OD does not randomize and
r(t) does not decay to zero. However, y,-OD can sample a
small range of angles, and such restricted orientational motion
can be described well by the “wobbling-in-a-cone” model®”** as
discussed below.

Figure 4A shows the population decays, P(t), obtained from
PSPP experiments for 4,-OD bound to various guest molecules
and with the pores empty. Each decay was fit with single
exponential (o exp[—t/7y]), and the vibrational relaxation rate
ky = 1/7y was plotted with respect to the peak positions
obtained from the FT-IR measurements (Figure 4B).
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Figure 4. (A) Population decays extracted from the pump—probe
signals and eq 1. The decays were fitted with single exponentials giving
the vibrational relaxation times, 7y. (B) Vibrational relaxation rates
calculated as ky = 1/7y, which correlate well with the peak positions in
the infrared absorption spectra (Figure 2A).

When the pore is empty, 1,-OD has a long vibrational
lifetime of 149 ps. Considering OD vibrations in bulk liquids
typically have lifetimes of 2—20 ps,zz’”’40 this lifetime is
remarkably long. As hydrogen bond acceptors are introduced
into the pores, the vibrational lifetime is reduced. Particularly
for BzCN, the lifetime is 34 ps, which is roughly factor of §
acceleration of the vibrational relaxation. As seen in Figure 4B,
the vibrational relaxation rates are remarkably well correlated
with the absorption peak positions as indicators for hydrogen
bonding strength, except for the guest molecule cyclohexane.

The trend in the vibrational relaxation rate can be
understood by considering the mechanism of the vibrational
relaxation. For the vibrational relaxation to take place, the
vibrational energy of the y,-OD stretching mode must relax
into the other modes of the system, so that the total energy is
conserved.”’ The relaxation rate is mainly determined by how
many modes of the system are required to conserve energy and
how strongly each of the accepting modes is coupled to the y,-
OD stretching mode.

When the pore is empty, the only possible direct relaxation
pathway is to the 4,-OD bend and the O—Al vibrational modes.
If a combination of these modes does not match the y,-OD
stretch frequency, then conservation of energy will require
phonons of the MOF framework, which are indirectly coupled
to u,-OD stretch mode. Because of the limited number of
accessible system modes and their weak coupling to the y,-OD
stretch mode, the vibrational lifetime is very long, 149 ps.

It is clear from the measurements that the introduction of the
guest molecules provides additional pathways for the vibra-
tional energy to be dissipated, shortening the y,-OD lifetime.
The guest molecules provide more modes into which the y,-
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Figure 5. Anisotropy decay for j,-OD bound to BzCN obtained from
the pump—probe signals and eq 2. The decay was fitted with a single
exponential with a large offset, indicating that the O—D bond
undergoes inertial reorientation rapidly over an ~8.8° cone angle and
then diffuses with a time constant of ~7 ps over an ~12.4° cone angle.

OD stretch mode energy can be dissipated. The stronger
hydrogen bond enhances the coupling between the ,-OD
stretch mode and the guest molecules’ modes, leading to the
faster vibrational relaxation rates as observed in Figure 4B.

The exceptionally fast vibrational relaxation with cyclohexane
as the guest is not explained by a very strong hydrogen bond.
Cyclohexane does not hydrogen bond to the y,-OD. However,
cyclohexane has more vibrational modes around the vibrational
energy of 44,-OD (2716.5 cm™) than the other guest molecules
(Figure S2). In addition, the cyclohexane ring is not as stiff as
the benzene moiety and therefore has more low-frequency
modes. Furthermore, cyclohexane is likely to solvate the y,-OD
hydroxyls with nondirectional interactions, which may make
more vibrational modes of cyclohexane directly accessible for
vibrational relaxation. Thus, the anomalously fast relaxation rate
may indicate that cyclohexane is interacting with the hydroxyls
in a fundamentally different manner from the other guest
molecules.

Figure S shows the anisotropy decay, r(t), for y,-OD bound
to BzCN. The anisotropy r(t) is related to the wobbling motion
of i,-OD by36

) = 0_4< 3(a(0)-4(1) = 1 >

2 (3)

where {1(0) and /i(t) are unit vectors parallel to a particular O—
D bond at time 0 and t, and (...) is the ensemble average over
all the y,-ODs in a sample. If 4,-OD does not move at all
during the waiting time ¢ and thus f1(0)-(t) = 1, the anisotropy
r(t) yields the maximum possible value of 0.4. Based on the
single-exponential fit to the data, even at ¢t = 0, the anisotropy
value yields 0.393 + 0.003, smaller than 0.4. This small
deviation from 0.4 indicates that u,-OD undergoes ultrafast
highly restricted inertial motion with 8.5 + 2.0° half-cone anzgle
based on the “wobbling-in-a-cone” model (see Figure 5).373542
Then, the anisotropy decays with ~7 ps time constant by a
small amount to an offset level of 0.381 + 0.006. This decay
shows that the y,-OD undergoes a small degree of diffusive
angular relaxation (wobbling) with an angular diffusion
constant of ~0.01 ps~'. The diffusive wobbling samples a
wider range of angles, a 14.2 + 2.4° half-cone angle.”

The anisotropy decay demonstrates that y,-OD undergoes
highly restricted angular motion. The limited angular motion is
expected as the bridging hydroxyl is locked into position as a

part of the framework. Although small, the angular motion
provides some insight into the framework flexibility. Anisotropy
decays for u,-OD interacting with the other guest molecules
were also measured, and within the error, we were not able to
discern any trends in the wobbling motion with respect to the
hydrogen bonding strength. The details are discussed in the
Supporting Information (Figure S4). The wobbling motion of
H,-OD is not very sensitive to the nature of its interaction with
guest molecules and therefore is a property of the framework
itself.

D. Two-Dimensional Infrared (2D IR) Spectroscopy:
CLS Analysis. To characterize the time evolution of the
framework—guest interaction, we applied 2D IR spectroscopy
to p1,-OD in MIL-53(Al). As seen and discussed in Figure 24,
the infrared absorption bands have finite and varying
bandwidths depending on the guest molecules. The broadening
of the absorption band, particularly for the guests that form
hydrogen bonds with y,-OD, likely arises from the variations in
the hydrogen bond strength. For example, the p,-ODs
interacting with BzCN has an ~30 cm™ fwhm bandwidth.
The hydroxyls giving rise to the red side of the band are
forming stronger hydrogen bonds than the hydroxyls
contributing to the blue side of the band."> The hydrogen
bond strengths evolve with time due to the dynamics occurring
in the framework, such as fluctuations of the hydrogen bond
length, framework lattice structure fluctuations, and changes in
the configuration of guest molecules in the pores. As a result,
hydroxyls initially having a particular frequency within the
inhomogeneously broadened absorption band will undergo
spectral diftusion, i.e., sampling of frequencies that are different
from their initial frequency. At sufficiently long time, the
hydroxyls will sample all frequencies in the line. Thus, the
frequency evolution is caused by structural fluctuations, and by
monitoring the time evolution of the vibrational frequencies,
the time dependence of the structural evolution is determined.

2D IR spectroscopy monitors the temporal evolution of the
vibrational frequencies in subpicosecond to hundreds of
picoseconds time scale. In 2D IR spectroscopy, the pump
pulse in pump—probe experiment is split into two pulses
separated by time 7 (see Figure 6A).”® This set of two pump
pulses essentially labels the initial frequencies (@,, horizontal
axis of the 2D spectrum) of the hydroxyl stretches, and after
waiting time T, the final frequencies (@, vertical axis of the
2D spectrum) are read out by the third probe pulse and
recorded by the emitted vibrational echo signal pulse. Note that
the waiting time T, is equivalent of t in pump—probe
spectroscopy. Experimentally, the initial frequency w, labeled
by the first two pump pulses can be acquired by scanning 7, and
the final frequency @,, is obtained as the optical frequencies of
the echo pulse. A more rigorous and complete description of
2D IR spectroscopy is provided in previous publications,”**”**
and the detailed implementation is described in the Supporting
Information. The application of 2D IR spectroscopy to samples
like MOFs, which are composed of macroscopic particles, is
difficult because scattered light from the sample can
significantly distort or overwhelm the 2D spectrum. This
problem was recently overcome by combining AOM pulse
shaping with an eight shot phase cycling/chopping sequence
and polarization filtering to yield 2D spectra free from scatter
artifacts.”»*”*

Figure 6B shows 2D IR spectra of 4,-OD in MIL-53(Al)
loaded with BzCN at T,, = 0.5 ps and T,, = 50 ps. A 2D IR
spectrum is essentially a correlation plot between the initial
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Figure 6. (A) Schematic illustration of two-dimensional infrared (2D
IR) spectroscopy. The pump pulse in the pump—probe spectroscopy
is further split into two pulses, and the set of the two pump pulses
label the initial frequencies, @,. After waiting time T, the probe pulse
reads out the final frequencies, w,. (B) 2D IR spectra for y,-OD
bound to BzCN at the waiting time T, of 0.5 ps (left) and SO ps
(right). Center line slopes (CLS) are plotted in the 2D spectra as
dashed white lines. The significant change in the CLS values indicates
that structural dynamics occurred during the 50 ps time span.

(w,) and the final (w,,) frequencies separated by the waiting
time T, When the waiting time T, is small, @, and @, tend to
be about the same, that is, well correlated; as a result, the 2D
band shape will be diagonally elongated. As T,, becomes longer,
the dynamics occurring in the framework randomize the
vibrational frequencies (spectral diffusion). Consequently, w,
and o, will lose correlation, yielding a more rounded band
shape. Thus, by monitoring the evolution of the 2D band
shape, the spectral diffusion dynamics can be extracted. The 2D
band shape can be quantitatively evaluated by center line slope
(CLS) method (Figure 6B, white dotted lines).***” When w,
and w,, are completely correlated, the CLS yields the maximum
value of 1. As the two frequencies become uncorrelated by
structural fluctuations, the CLS decays to 0. More quantita-
tively, a CLS is proportional to a frequency—frequency
correlation function (FFCF) defined as (5w (0)éw(T,,)),
where 6w(0) = w(0) — (w) and Sw(T,) = o(T,,) — {®)
and are deviations of a vibrational frequency from an average
frequency at time 0 and T, for a particular molecule, and (...)
means the ensemble average. The details are discussed in
section E. Note that as shown in Figure 6B, CLSs were
extracted around the centers of the two-dimensional peaks to
avoid influence from the slight asymmetry observed on the red
sides of the absorption line shapes.

2D IR spectra of p,-OD in MIL-53(Al) loaded with various
guest molecules were acquired with varying T,s, and the CLS
was obtained for each set of spectra. The small heating
contribution to the 2D spectrum, which grows in with the
vibrational relaxatlon lifetime, was removed using the standard
procedure.'’ See Supporting Information for details.

The CLS decays of u,-OD in MIL-53(Al) obtained with
different guest molecules in the pores and empty pore are
plotted in Figure 7. All of the CLS decays have a common

feature, i.e. a very fast decay occurring in <~2 ps followed by
slow dynamics occurring over >~100 ps. To quantify the
dynamics with the two time scales, we fit the CLS data with a
single-exponential decay after 8 ps. The CLS fit for >8 ps was
extrapolated to earlier time and subtracted from the observed
CLS decay to obtain the very fast decay component. The short
time CLS decays are plotted in Figure 8. While it is difficult to
find a trend in the slower dynamics in Figure 7, the fast
dynamics displayed in Figure 8 show the behavior that is
correlated with the hydrogen bonding strength; it is evident in
Figure 8 that y,-OD bound to a hydrogen bonding acceptor
exhibits faster dynamics.

Even when the pore is empty, the early CLS decays with 1.3
ps time constant (Figure 8E). Because the p,-OD does not
interact with a guest molecule when the pore is empty, the 1.3
+ 0.1 ps spectral diffusion must be caused by structural
fluctuations of the flexible framework; when the framework’s
structure fluctuates, the different framework configurations
change the resonant frequency of the y,-OD, giving rise to the
spectral diffusion.”> When cyclohexane is introduced into the
pores, we observed essentially the identical 1.4 + 0.1 ps
dynamics (Figure 8D), indicating that the spectral diffusion of
the 4,-OD is caused by framework structural fluctuations as
observed for the empty pores. Apparently, the dynamics of
cyclohexane itself are not inducing spectral diffusion, suggesting
that the dynamics of the cyclohexane are highly restricted on
very short time scales.

A clear change starts occurring to the early CLS decays when
the hydrogen bonding acceptors are introduced into the pores.
The early CLS decay for y,-OD bound to benzene is no longer
single exponential, and it is fit well with biexponential with the
time constants of 0.24 + 0.08 and 1.8 + 0.3 ps (Figure 8C).
The latter time constant may arise from the framework
fluctuations because the time constant is reasonably close to
that of the empty pore, though the amplitude of the decay is
much lower. On top of the framework fluctuations, a much
faster dynamics, 0.24 + 0.08 ps, is causing spectral diffusion
with a significant amplitude. When much stronger hydrogen
bonding acceptors, BZCN and PhSeCN, are added, ~1 ps time
constants are no longer observed, and the early CLS decays are
dominated by subpicosecond dynamics, 0.34 + 0.05 ps for
BzCN and 0.45 + 0.07 ps for PhSeCN, respectively (Figure
8A,B). Note that the short time CLS decay for the y,-OD
bound to BzCN displays an oscillation, which is discussed in
depth in section F.

The appearance of the subpicosecond components in the
CLS decays can be understood as the signatures of the presence
of hydrogen bonds. There are important insights into the origin
of subpicosecond spectral diffusion components from previous
studies of several hydrogen bonding systems. When the spectral
diffusion of the O—D stretch of HOD molecules in H,O were
studied, ~0.4 ps dynamics were observed. MD simulations
demonstrated that this very fast component originates mainly
from hydrogen bond length fluctuations with some contribu-
tion from angular fluctuations."' Similar ~0.4 ps spectral
diffusion dynamics were observed for O—D stretch modes for
HOD, CD;OD, and C,DsOD dissolved in the ionic liquid
EmimNTf, where the O—D groups form hydrogen bonds with
anions in the ionic liquid.” It is thus reasonable to assign the
observed early CLS decay time constants of the ,-OD (0.34 ps
with BzCN, 0.45 ps with PhSeCN, and 0.24 ps with benzene
(Figure 8A—C)) to local hydrogen bond length fluctuations as
well. While there is experimental error for these three values,
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single exponential with an offset; the offset levels are indicated by the dotted lines. For cyclohexane, the CLS did not decay after T,, = 8 ps and was

fitted with a constant.

the small variations may arise from the complex interplay
among the hydrogen bonding strength, the mass of the
molecules, and the extent of the confinement of each of the
guest molecules.

While the early CLS decays of the p,-ODs with the guests
BzCN and PhSeCN are completely dominated by the local
hydrogen bond fluctuations (Figure 8A,B), the u,-OD with
benzene shows spectral diffusion arising from both the local
hydrogen bond fluctuations and framework fluctuations (Figure
8C). The results suggest that BzCN and PhSeCN form strong
enough hydrogen bonds with the y,-OD that the hydrogen
bond strength completely determines the inhomogeneity of the
H,-OD vibrational frequency. In contrast, benzene forms a
relatively weak m-hydrogen bond, so that both the local
hydrogen bond strength variations and the framework
structural fluctuations affect the y,-OD vibrational frequency.

As seen in Figure 7, the early CLS decays discussed above do
not complete the spectral diffusion; the CLS is well above zero
even at long time. The early CLS are all followed by much
slower dynamics, the time constants of which strongly depend
on the guest molecules. When the pore is empty, the CLS
appears to be constant after ~10 ps (Figure 7E). Again, when
the pore is empty, the framework structural variations are the

11886

only factor that can alter the resonant frequency of y,-OD, and
therefore the incomplete spectral diffusion by 200 ps indicates
the existence of much slower framework dynamics. It has been
suggested by NMR measurements that z-flipping of the BDC
linkers in the framework occurs on a time scale slower than ~1
ps.*® Another possibility is the existence of static inhomoge-
neity caused by framework defects such as missing linkers.
When the pores are filled with guest molecules, the global
reconfiguration of the guest molecules in the pore, such as
reorientation and translation, will certainly affect the vibration
frequency of y,-OD and induce the slower spectral diffusion
observed in Figure 7A—C. While the exact time constants for
these slower dynamics are again determined by various factors
such as the size of the molecules, the hydrogen bond strength,
the mass of the molecules, and the framework structure
surrounding the guest molecules, it is clear that the spectral
diffusion is occurring on a much slower time scale than the
dynamics in bulk liquid, indicating that the guest molecule
dynamics are strongly influenced by confinement in the pores.

E. Absorption Band Broadening Mechanism. Figures
2A and 2B show that the absorption bandwidth is correlated
with the hydrogen bond strength formed between the guest
molecules and the u,-OD. However, the exact broadening
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exhibits faster spectral diffusions at early times when a hydrogen
bonding molecule is introduced into the pores.

mechanism of the band is not clear from the absorption spectra.
Based on the CLS decays acquired from the 2D IR spectra, the
broadening mechanism can be addressed.

Each absorption band line shape in Figure 2A is determined
by a frequency—frequency correlation function (FFCF) of y,-
OD bound to a guest molecule, which was modeled with a
simplified Kubo form given by

(6w (0)éw(t)) = Z A2/
i 4)

7; is the time constant for ith process, and A, is the frequency
range sampled by that process. Each term in the summation
contributes to the observed 1D absorption line shape. The
manner each term contributes to the 1D line shape depends on
the relationship between the fluctuation amplitude A; and the
dynamical time constant 7, If A; X 7; < 1, motional narrowing
occurs. In this case, A and 7 cannot be determined
independently, and the term contributes to a homogeneous
Lorentzian line shape with a fwhm width of I' = A%t = 1/2T,.
There are also contributions to the homogeneous line width
from population and orientational relaxation. Here because of
the slow population relaxation and the extremely small extent
of orientational relaxation, these contributions are negligible.

On the other hand, if A; X 7, >> 1, the term contributes to the
inhomogeneous Gaussian line shape with a fwhm of 2.355 X A,
The overall line shape is a convolution of line shapes arising
from each term in the summation of eq 4.

The observed CLS is the normalized FFCF; that is, it begins
with a maximum possible value of 1 and decays to zero. The
time constants obtained from the CLS are the same as the time
constants in the FECF (eq 4). The deviation of the CLS from 1
at T, = 0 is related to the homogeneous line width, I".***” By
combining the CLS with the linear absorption spectrum, the
full FECF is obtained including I' and the A; in units of
frequency. In the 2D IR experiments, the observation time is
limited by the vibrational lifetime of the u,-OD stretching
mode. If a decay component, 7, is very long compared to the
vibrational lifetime, it will appear as a constant offset in the CLS
and is represented in the FFCF as a A with no associated
exponential; that is, the exponential time constant is effectively
infinite.

As discussed in section D, the spectral diffusion of p,-OD
bound to guest molecules occurs on three distinguishable time
scales: <ps dynamics caused by the local hydrogen bond
fluctuation (observed for BzCN, PhSeCN, and benzene), ~ps
dynamics associated with the framework structural fluctuation
(with benzene, cyclohexane, and the empty pore), and the
slower dynamics (>>ps) presumably caused by major
reconfiguration of the guest molecules in the pores or slower
framework dynamics such as linker rearrangement. In addition,
there can be static inhomogeneity caused by framework defects.
Based on these observations, the FFCF for the p,-OD takes the
form

(1) » N
(6w(0)dw(t)) = Tz + Asubpsze t/ Toops 4 Apsze 1/ Tys

2 =t Tgoui
+ Z Aslow,i € o
i

©)
where Typpy Tpy and 7y, are observed CLS decay time
constants in Figures 7 and 8 (and thus FFCF decay time
constants) corresponding to subpicosecond, picosecond, and
slower dynamics. Agypy Apy and Ay, are the corresponding
spectral diffusion amplitudes for each time scale. Dynamics that
satisfy A; X 7; < 1 combine to give the first term, §(t)/T,, which
gives rise to the homogeneous line width. To determine Ay,
A,y and Ay, and T, these parameters were varied to
reproduce the observed CLS decays in Figure 7 and the 1D line
widths in Figure 2B. The detailed procedure to calculate the 1D
and 2D spectra based on FFCF has been described in a
previous publication.**’

Figure 9 shows the frequency-fluctuation amplitudes of the
fast FFCF component (Asubps) for each guest molecule. As seen
in Figure 9, the A, dynamics are very well correlated with
the hydrogen bond strength as shown by the spectral peak shift
in Figure 2A. The trend in Figure 9 is in agreement with the
assignment of the fastest dynamics to hydrogen bond
fluctuation; the subpicosecond dynamics can be regarded as a
signature of hydrogen bond formation. All of the FFCF
parameters are given in Table 1. The other As and I" show little
correlation as can be seen in Table 1.

Also seen in Table 1 is the line broadening for y,-OD with
BzCN as the guest is dominated by A, the local hydrogen
bond fluctuation. When a strong hydrogen bond is formed
between a p,-OD and a guest molecule, the resonant
vibrational frequency becomes very sensitive to the length of
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Figure 9. Frequency-fluctuation amplitudes of the fast FFCF

component (Asubps) for each guest molecule. The A, are very
well correlated with the hydrogen bond strength.

Table 1. FFCF Frequency Fluctuation Amplitudes

guest I (em™) Aups (em™) A, (em™)  Agyy (em™)
BzCN 0.16 158.5 0 6.4
PhSeCN 4.2 6.3 0 3.1
benzene 0.1 3.5 2.0 6.2
cyclohexane 2.3 0 3.5 2.8
empty 3.8 0 1.7 18

"“Definition of each parameter follows eq 5. I" = 1/xT, provides purely
homogeneous line width in fwhm. Other fluctuation amplitudes
broaden the bands inhomogeneously. Ay, is defined as

Agow = ,lzi Aslow,iz' The corresponding time constants can be

found in Figure 7 (for slow dynamics) and Figure 8 (for subps and ps
dynamics).

the hydrogen bond. Small variations of the length cause a large
shift in the resonant frequency, leading to the broad 1D line
shape. Thus, the large 1D line width is another indication of
hydrogen bond formation between p,-OD and a guest
molecule.

Agow (Table 1) is weakly correlated to the hydrogen bonding
strength, except for benzene which shows an exceptionally large
Agow- The large Ay, for benzene may result from its relatively
small size; various configurations of benzene in the pore may be
allowed as it is much smaller than the other hydrogen bonding
molecules. A range of configurations could lead to the large
inhomogeneity observed in the hydroxyl’s absorption band with
benzene.

F. Oscillatory Dynamics of the Hydrogen Bond
between u,-OD and Benzonitrile. As discussed in section
D, when BzCN is the guest in the pores, the CLS shows an
underdamped oscillation (see Figure 10A) with a period of
~1.5 ps. Fourier transform of the CLS (Figure 10B) yields the
oscillation frequency of 17—30 cm™". Several possible artifacts
that can distort 2D band shapes at early time were investigated,
including the nonresonant signal or diffraction saturation effects
in the pulse shaper AOM. These possible artifacts were ruled
out. Spectral diffusion caused by random frequency fluctuations
cause the CLS to decay monotonically and will not cause
oscillations. Oscillations have been reported in other hydrogen
bonding systems."*>*”

Previously for the O—H vibration of HOD in D,0O, it was
theoretically suggested and later experimentally verified that the
FFCF shows an ~170 cm™' oscillation due to hindered
translations of water molecules, which produce an oscillation in
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Figure 10. (A) Dots and dotted line: the early time CLS decay for y,-
OD bound to BzCN showing an oscillation. (B) Fast Fourier
transform (FFT) amplitude extracted from the CLS. The broad peak
around 17—30 cm™ arises from the oscillatory feature observed in

(A).

the hydrogen bond length.'* In water, the oscillation is in the
distance between two water molecules that is quantified by the
oxygen—oxygen distance. In the MOF system, the distance
between the oxygen in 4,-OD and the nitrogen in BzCN can
oscillate, causing the hydrogen bond length (strength) to
oscillate, which in turn causes the frequency to oscillate. The
much lower oscillation frequency of ~20 cm™" (compared with
~170 cm™" observed in bulk water) may be caused by the large
mass of BzCN and a weaker hydrogen bond compared with the
hydrogen bond interaction in bulk water. Another interesting
possibility is that the hydrogen bonding interaction between
the y,-OD and BzCN is coupled to one of the well-defined low-
frequency collective vibrational modes (phonons) of the MIL-
53(Al) framework; i.e., the lattice vibration is modulating the
hydrogen bond strength. Tan and co-workers calculated the
low-frequency collective vibrational modes of HKUST-1 MOF
and showed that there are vibrational modes as low as ~16
em™.>° The interactions of guest molecules and the u,-
hydroxyl is believed to induce deformations of the MOF’s
lattice structure.” Then coupling between the guest—framework
hydrogen bond and low-frequency phonons could play a
significant role in the deformation.

lll. CONCLUDING REMARKS

In this paper, we provided clear evidence that guest molecule
hydrogen bond acceptors in MIL-S3(Al) pores are forming
hydrogen bonds with 4,-ODs in the framework. This system
displays hydrogen bond behavior consistent with varying
hydrogen bond strengths, and time-averaged and dynamical
parameters are well correlated with the hydrogen bond
strength. 2D IR spectroscopy revealed the unique dynamical
nature of these hydrogen bond interactions. Further studies of
these key hydrogen bond interactions could lead to under-
standing of the fundamental origin of “flexibility” in some
MOFs.
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It is instructive to compare the 2D IR results on MIL-53(Al)
with the dynamics previously observed for UiO-66 MOF
functionalized with an iron—carbonyl complex as the vibra-
tional probe.” In the functionalized UiO-66 MOF, the spectral
diffusion in the carbonyl stretch mode was observed on the
time scale of >7 ps, demonstrating that some dynamical
elasticity exists even in the relatively stiff UiO-66 MOF. The 2D
IR measurements on the bridging hydroxyls in the flexible MIL-
53(Al) showed distinct results. The spectral diffusions on much
faster time scales (<2 ps) were observed, which likely arise from
fluctuations of the more flexible framework and/or local
hydrogen bond dynamics.

The bridging hydroxyl as vibrational probe permitted the
direct observation of the framework—guest hydrogen bond
interactions without perturbing the framework structure.
Accordingly, the results are directly comparable with molecular
dynamics simulations using force fields for the native
frameworks, which have recently been studied intensively and
developed for a variety of MOFs.”"** As hydroxyl groups in
frameworks can be found in many other types of MOFs, the
experimental scheme developed here will be applicable to
elucidate the dynamical natures of a variety of MOFs.
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