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CO, capture is considered as one of the most ideal strategies for solving the environmental issues and
against global warming. Recently, experimental evidence has suggested that aluminum double bond
(dialumene) species can capture CO, and further convert it into value-added products. However, the
catalytic application of these species is still in its infancy. Both the dynamics mechanism of CO, fixation
and the detailed structures of catalytic intermediates are not well understood. In this work, we
investigate the structure dependent resonance Raman (RR) signals for different reaction intermediates.

Iézgf:gz:e Raman Ab-initio simulations of spontaneous resonance Raman (spRR) and time-domain stimulated resonance
Ab initio Raman (stRR) give spectral signatures correlated to the existence of different intermediates during the
Catalytic intermediate CO,-dialumene binding process. The unique Raman vibronic features contain rich structural information
Dialumene with high temporal resolution, enabling to monitor the transient catalytic intermediates under reaction

conditions. Our work shows that RR can be used to monitor intermediates during the dialumene based
CO, capture reaction. The spectral features not only provide insight into the structural information of
intermediate species, but also allow a deeper understanding of the dynamical details of this kind of
catalytic process.

© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Carbon dioxide, a dominant greenhouse gas, is a main
component of industrial discharges and automobile emissions
[1-3]. Over the past decades, increasing anthropogenic CO,
emissions cause severe environmental issues and global warming
[4-6]. Known heterogeneous catalysts such as transition metals
[7,8], frustrated Lewis pairs [9,10], and main-group multiple bonds
complexes [11] have proven to be promising routes for CO, capture
and utilization [12-14] in the past few years. Among various
catalysts, main group compounds have attracted much attention
and are expected to replace transition metals due to its economical
and eco-friendly properties [15,16]. Dialumene, a neutral species
with a formal Al=Al double bond, has recently emerged as a viable
approach to capture CO, [17]. Due to the maturity of aluminum
used as industrial catalyst and the abundance of this element in the
Earth’s crust, dialumene is a promising candidate for converting
CO, into commodity chemicals. However, the catalytic application
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of aluminum double bond species in its low oxidation state are still
not well understood. Experimentally, CO, fixation on dialumene
via [2+2]-cycloaddition to form a planar 4-membered ring
compound II, which subsequently underwent CO cleavage to form
a bridging carbonyl compound III, this later compound was then
further converted into various value-added products (Fig. 1) [18].
The structures of compounds II and Il were proposed by
accounting to structural analogous to related diboron and disilicon
compounds. However, no direct experimental evidence exists so
far. The ignorance of detailed structures of reaction intermediates
hindered further mechanistic study on this promising catalytic
route. One of the difficulties in identifying the intermediate species
is the possible thermodynamic instability of these compounds,
which might coexist during the reaction processes. To fully
understand the mechanism of dialumene catalyzed CO, fixation
and conversion, it is necessary to reveal the detailed structures of
individual kinetic intermediates in the catalytic pathway.

The characterization of the fast kinetics of the CO,-dialumene
binding and interconversion between different species requires a
tool with simultaneous high spatial and temporal resolution

1001-8417/© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Fully optimized ground state structures of compounds (a) I, (b) Il and (c) IIL.
Al, Si, O, N and C atoms are denoted by pink, yellow, red, blue and gray balls,
respectively. All methyl groups in both NHC and Si ligands are shown gray lines for
better visibility.

[19,20]. Raman spectroscopy is capable of providing chemical
structure fingerprint is a powerful technique for the investigation
complex systems. However, conventional Raman spectroscopy
often fails to work in catalyst characterization due to strong
fluorescence interference caused by impurities, organic species
and defect sites. Raman intensity is relatively low due to its two-
photon scattering nature [21]. These shortcomings limit its
application in heterogeneous catalysis.

Resonance Raman (RR), by virtue of resonance enhancement
that gives high signal-to-noise ratio, while inheriting the
sensitivity to local chemical environments from normal Raman
[22-25], was proposed to characterize the microscopic structure
and dynamics of condensed phases. Raman signals associated with
different components can be selectively enhanced by several
orders of magnitude owing to the resonance effect, automatically
filtering out vibration signals not strongly coupled with the current
electronic excitation. The CO,-dialumene binding intermediates
exhibit absorption bands in the range 330—600 nm, which are well
separated from each other. The dominant excitations contributing
to the UV-vis absorption for each compound can be attributed to
transitions near the catalytic active sites. By excitation with
different color of lights resonant to corresponding electronic
transitions, the vibration modes strongly coupled to the electronic
transition can be identified by their significantly enhanced
characteristic signals, enabling the characterization of different
structures, even at a low concentration. In addition, the vibration
modes from solvent and other environmental species can be
filtered out by carefully select excitation wavelength. The RR effect
not only increases the sensitivity but also the selectivity, providing
complementary information for the identification of chemical
species, which is a prerequisite for the detailed understanding of
the molecular mechanism [23,26-28].

In order to achieve high temporal resolution of a few
femtosecond to capture reaction snapshots, a time-domain
stimulated multi-pulse version of the RR technique, named
stimulated resonance Raman (stRR) implemented with ultrafast
broadband UV-vis pulses, has been proposed in our previous work
[23]. The simultaneous high spatial and temporal resolutions
making it a promising tool for dynamical and kinetical characteri-
zation [29,30].

Here, we report a systematic RR study on the species might exist
during dialumene based CO, fixing reaction. Vibration resolved
UV-vis absorption spectra were first examined to guide the
selection of excitation wavelengths for following RR simulations.
The spectroscopic features excited with different wavelengths of
incident lights demonstrate the excitation wavelength selectivity
of the RR technique. The ability of RR in distinguishing reaction
intermediates is advantageous, due to the ability to selective detect
signals from the active center, which is crucial to the catalytic
reaction. Importantly, the high temporal resolution of the stRR
technique enables the characterization of transient states during
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the fast AlI—CO,—AIl binding and C—O cleavage processes. This
study is beneficial for the deeper understanding of the role of the
active sites and the formation mechanism in these materials,
which would help the rational design of high performance
catalysts for CO, fixation.

The optimized ground state geometries and harmonic vibration
frequencies of all compounds were calculated by using density
functional theory (DFT) at the B3LYP/cc-pVTZ level of theory
implemented in the Gaussian 09 package [31]. The calculated
vibration frequencies were scaled by 0.97 to correct the systematic
errors [32]. The electronic transitions with natural transition
orbital (NTO) analysis [33,34] were calculated by time-dependent
density functional theory (TDDFT) at the same level as used in the
ground state calculations. The first order Franck-Condon approxi-
mation was considered and higher order Herzberg-Teller terms
were neglected during our calculations.

The fully optimized geometric structures are shown in Fig. 1. For
clarity, we denote the initial dialumene species as compound I
(Fig. 1a); the intermediate with planar 4-membered Al—Al—C—O
ring structure with an exocyclic carbonyl moiety as compound Il
(Fig. 1b), which is the first product after CO, binding to the
dialumene; the intermediate contains a central Al—CO—AI—O
core with the NHC and silyl groups trans-orientated to the ring as
compound III (Fig. 1c). Our geometric and vibrational results are in
good agreement with previous measurements and calculations
(detailed comparison listed in Table S1 in Supporting information)
[17], ensuring the predictivity of the selected computational
methods.

To illustrate the capability of RR to characterize the catalysts
and catalytic active sites in dialumene based CO, capture, we
aimed to establish the correlation between the structure
components and their spectroscopic signatures. Appropriate
wavelength for the incident light is required to get most from
the resonance enhancement. These wavelengths can be obtained
by examining the UV-vis absorption spectra for each compound, as
shown in Fig. 2. We note that the absorption maxima depend on
the species and separate from each other: compound I has strong
absorption bands in the range 500~600 nm, while the significant
absorption occurs in the range 350~400 nm for compound II, and
around 450 nm for compound IIl. The significant separation of
absorption bands in the frequency domain allows for feasible
selective excitation of any of these compounds, which would help
efficient spRR and stRR characterization. Only vibration modes
reside in the region where a specific electronic transition occurs
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Fig. 2. (a-c) Vibration resolved UV-vis absorption spectra for compounds I-III,
respectively. The total absorption spectra are plotted in black. Electronic excitation
resolved spectra with significant contributions, labeled by ¢;, are also provided.
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Fig. 3. Spatial distributions of selected NTOs for compounds I, I and III.

would pronounced in RR measurements. Therefore, we assessed
the spatial distribution of the strongly allowed electronic
excitations by performing NTO analysis. The NTO plots of the
interested electronic transitions of the three compounds are
depicted in Fig. 3.

For compound |, three excitations contribute significantly to the
total UV-vis spectrum. The stronger absorption band lies in the
range of 16,600-20,000 cm~' (~600-500 nm), which is assigned to
the excitations &} and &}, where the superscript I and subscript i
denote Compound I and its i-th excitation, respectively. The weaker
absorption bands from 25,000-27,000cm~! (~400-370nm) is
mainly contributed by é&!,. Here, we focused on the strongest
excitation &}, which gives rise to a broad absorption band with a
maximum at 572.5 nm (17,466 cm™!). The lowest strong absorp-
tion band of compound II lies in the range of 24,000-28,000cm !
(~420-360nm), which is contributed by & at 424.8 nm (23,540
cm™!). Another absorption peak, with even stronger intensity,
appears at 349 nm (28,666 cm™'), arose from the &l excitation. The
strong adsorption band of compound III at 456 nm (~21,930 cm™1)
is mainly contributed by &!. In the following, we designed RR
measurements with incident wavelengths resonant to &, ¢!, and
el for compound [, Il and 111, respectively. This decision was made
to get most from the resonant enhancement of the RR technique,
where vibration signatures of different compounds can be
effectively selected by tuning the excitation wavelength.

Strong vibronic coupling requires that vibration mode and
electronic transition occurs, at least partly, in the same region. The
locality of electronic excitations was assessed by corresponding
NTO analysis. The spatial distributions of NTOs of £} are depicted in
Fig. 3a, which is a typical ligand-to-metal charge transfer (LMCT)
excitation: The Al=Al double bond, NHC and Si ligands are
involved. The NTO plots of the ¢} excitation is depicted in Fig. 3b. It
is a typical central characteristic transition with the hole state
localized at both the Al=Al double bond and C=0 bond. As shown
in Fig. 3¢, &lfl, the hole state has a non-bonding character between C
and O, while C strongly binds to the two Al atoms. On the other
hand, the electron state is quite delocalized among the ligands.

With the aid of UV-vis spectra and NTO analysis, we are able to
design spRR measurements to detect each of the compounds
interested. It is also possible to have a look at the panorama of the
SPRR features enhanced with excitations in a continuous range, as
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Fig. 4. (a-c) 2D spRR spectra of compounds I-IIl. Horizontal and vertical axes
represent the Raman shift and excitation energy, respectively.

shown in Fig. 4. The horizontal axes in Fig. 4 represent the Raman
shift, in the range of 300—1700cm™!; while the vertical axes,
incident frequencies. Therefore, a horizontal slice in Fig. 4
corresponds to a spRR spectrum with corresponding incident
wavelength; and a vertical slice corresponds to the Raman profile
of the specified vibration mode. Observing the 2D spRR spectra
vertically, it is obvious that the signal strength increases
significantly as the excitation energy enters the resonance region,
and the central positions of the intense Raman bands are
consistent with those of the absorption bands discussed above.
In detail, for compound I, characteristic spRR bands can be found in
the spectral region with excitation energies in the range
16,000~20,000 cm~". They are in consistent with the resonant
excitations, &5 at 17,466 cm™' (572.5nm) and &} at 18,998 cm™'
(526.4nm). In this region, the most intense spectral features are
those at the lower-left corner (300~600 cm™!), which can be
assigned to vibration modes involving Al=Al double bond
stretching. It is also consistent with the NTO analysis of the &}
(Fig. 3a). There is another weaker band located from 24,000-
26,000cm !, mainly contributed by &},. Compare the 2D spRR
spectra among the three compounds, only compound I has visible
signals when using incident energies below 20,000 cm~!, while
either II or Il is RR-silent. This strongly suggest that using
excitation energies below 20,000 cm ™' (with incident wavelengths
longer than 500 nm), would be feasible for compound I detection.
The Raman active vibration modes of compound I are listed in
Table 1. Vibration modes with frequencies in the range
300-600cm !, such as the Si—Al stretching coupled with Al=Al
swing mode at 330 cm~}, the Al—Al bending coupled with Al=Al
stretching mode at 397 cm™ ', and the Al—Al stretching mode at
472 cm™! are strongly coupled to the &} excitation. The methyl CH
bending modes (~739 cm™!) in the ligand also pronounced in the
2D spRR spectra, but is not sufficiently characteristic due to the
probable wide existence of this group. In short, the use of an
incident 572.5 nm beam could lead to selective enhancement of
vibration modes involving Al=Al double bond stretching com-
pound I, which can be used as characteristic features for chemical
identification. Note that the selectivity of RR exerts rather restrict
to pronounced signals, including electronic transition energy,
vibration frequency and vibronic coupling strength, the possibility
that other modes from other species contribute to the same RR
patterns can be filter out. Therefore, it is safe to made the above
signal assignments.

Fig. 4b depicts the 2D spRR spectra of compound II, which is
distinct to that of compound I. As mentioned earlier, excitations
below 20,000 cm™' is RR-silent, due to the fact that no electronic
transition exists in this region (Fig. 2b). The 2D spRR features can
be classified into two categories: 1) spRR signals with excitation
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Table 1
Raman active modes of compound I. All frequencies in wavenumbers.
Frequency Description
(cm™)
330 Si—Al stretching coupled with Al—Al swing
397 Al=Al bending coupled with Al—Al stretching
472 Al=Al stretching
769 CH bending of CHs in Si ligand
1276 Al—C stretching coupled with the N—C—N bending in NHC
ligand
1310 Breathing motion of the NHC ring
1395 CH bending of CH3 in NHC ligand
1613 C—C stretching inside the NHC ring

energies in the range of 23,000~28,000, corresponds to electronic
transition &, and 2) signals with excitation energies above
28,000 cm ™!, corresponds to &ll. We note that, compared to group
1), group 2) has much richer features, indicating more vibration
modes are strongly coupled to &ll. This can be rationalized by
considering the locality of relevant vibration modes and electronic
transitions. For instance, as listed in Table 2, the breathing mode of
the 4-membered ring at 515 cm ™! and the Al1-04 stretching mode
at 785cm™! are absent in el excitation, while these modes
pronounced in & excitation. Both modes are localized on the active
center. They are highly probable to couple strongly with &}, also
localized in the same region, but not ¢!, as shown in Fig. S1
(Supporting information). Other Raman bands, at 323, 351,420 and
1612, are all characteristic to compound II, which would provide
sufficient evidence in detecting this intermediate.

The 2D spRR spectra of compound III in Fig. 4c possess rather
distinct features in comparison with those of compounds I and II.
The RR band of compound Il appears when the excitation energies
were tuned around 21,000—25,000 cm ™' which is resonant with
the excitation of J'. As listed in Table 3, the Al1—AI2 stretching at
453 cm~!, the Al1 —05—AI2 ring breathing at 658 cm!, and the
C3=04 stretching at 1599 cm~! are enhanced and can be used as
characteristic to compound IIl. Observing these signals simulta-
neously would be a solid evidence of the existence of compound III.

In order to assess the proposed characteristic RR signals in
detail, we plotted the corresponding horizontal slices correspond-
ing to incident excitations resonant with the selected electronic
transitions for each compound. As the solid lines shown in Fig. 5,
each slice takes the form of conventional RR spectrum. &}
excitation was selected for compound I, where only vibration
modes below 700 cm ™! were enhanced considerably. These signals
were assigned to modes involving deformations of Al=Al and
Si—Al bonds, which are localized at the catalytic active center. This
is the direct consequence of the ¢ excitation is also localized in the
same region, making strong vibronic coupling probable. As a
counterexample, the vibration modes with frequencies higher than
700 cm~}, involving deformations involving NHC ligand, localized

Table 2
Raman active modes of compound II. All frequencies in wavenumbers.

Frequency (cm~!)  Description

323 04—C3 rocking

333 Al1—AI2 stretching coupled with Al1—04—C3 bending
351 Al1—AI2 swing

420 Al1—AI2 stretching

515 Al1—AI1—C1—0T1 ring breathing

785 Al1—04 stretching

1023 C3—04 stretching

1317 N—C symmetric stretching in the NHC

1612 C3=05 stretching

Table 3

Raman active modes of compound III. All frequencies are wavenumbers.
Frequency (cm™ 1) Description
338 Al1—AI2 swing
418 Al1—C3—AI2 symmetric stretching
426 Al1—C3 wagging coupled with Si—Al1 stretching
453 Al1—AI2 stretching
658 breathing of Al1—05—AI2 ring
1174 C—C asymmetric stretching attached to Si
1324 breathing motion of NHC
1599 C3=04 stretching

at the periphery of the active center, would not strongly coupling to
the selected electronic transition, thus are inapparent. The &l
electronic transition was selected for compound II. There is a very
intense band at 333 cm™!, assigned to the significant Al1—AI2
stretching coupled with the Al1—04—C3 bending mode. Other RR
bands of compound II are too weak to get confident signals.
Compound Il can be detected using &' (456.1 nm) excitation, there
are two intense bands. The lower-frequency band is contributed by
the Al1—AI2 stretching band centered at 456 cm ™' together with a
shoulder peak at 426 cm™. The latter is assigned to the Al1—C3
wagging coupled with Si—Al1 stretching mode. The higher-
frequency band can be ascribed to the C3=04 stretching at 1599
cm~ . Both bands are characteristic to compound IIl because they
originate from the Al—CO—AI—O structure composing the
catalytic center.

stRR, a time-domain variant of the spRR, combined with
ultrafast broadband UV or visible pulses, would have sufficient
high temporal resolution to capture spectroscopic snapshots for
reaction intermediates [23]. Here we present the one dimen-
sional (1D) stRR results simulated to illustrate the applicability
of this technique in catalysis investigation. The 1D stRR spectra
are shown in Fig. 5 as dashed lines, accompanied with the
frequency-domain spontaneous version (solid lines). Two
pulses, a pump and a probe, were used in the calculation. We
label the center frequencies of these two pulses as (&, &), where
the pump is chosen &y = 10,000 cm™!, which is far away from the
lowest excitations of compounds I-III, ensuring the simulated stRR
signals would not be contaminated by excited state contributions
[23]. The probe is chosen to be resonant with the selected
electronic excitation for each system. This pulse configuration
preserves the selectivity and resonant enhancement of spRR, in the
meantime, avoid excited state population probably caused by the
pump. This is crucial especially for molecules with long excited
state lifetimes. In the following, the pump was chosen to be
centered at 10,000 cm™~!, which is off-resonant with any excited

Intensity / Arb. Unit

300 700 1100 1500
Raman shift / cm ™"

Fig. 5. spRR (solid) and stRR (dash) spectra of compounds I (red), compound II
(blue) and compound III (green) following the resonant excitation sf. Here,
gy = 572.5nm, &) = 3489nm and &' = 456.1 nm.
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states of the compounds in consideration. As shown in Fig. 5a,
similar to the spRR signals (solid lines), the stRR signals (dash lines)
of the three compounds have distinctive features, ensuring their
capability for structure characterization. The 1D stRR spectrum
with 8,=10,000 cm~! and &} reproduces all the characteristic
features of the compound I. Although the 1D stRR spectra resemble
the main features of their spRR counterparts, the relative
intensities of the peaks vary, such as the peaks at 397cm™' in
the stRR is much stronger than in the spRR spectrum under the
resonance excitation of €}. As a result, the active mode at 397 cm™"
presents a close intensity to the mode 3 at 472 cm™!. Similarly, we
find that the Raman band at 1599 cm ' shows a much weaker
intensity in the stRR process under the excitation of ¢}'. A strong
signal in the stRR spectra implies that the corresponding
vibrational excitation survives the time delay between the pump
and probe pulses and hence produces a strong correlation.
Furthermore, the survived signals were enhanced twice by the
two pulses, resulting in much higher signal-to-noise ratio. In
addition, one-dimensional stimulated resonance Raman signals
are obtained by varying the time delay of T between two ultrafast
pump and probe pulses. As a result, it could be conducted at the
femtosecond time scale, which is fast enough to capture the
transient intermediates during the catalyzed reaction. Combined
with the higher signal-to-noise ratio (SNR) of the vibronic strongly
coupled modes to the specified electronic transitions, stRR is a
useful tool to characterize the local chemical environment and to
identify microscopic structures in compound surroundings, even
during nonequilibrium processes. The high spatial and temporal
resolution and high SNR make this technique a powerful tool for
the dynamical characterization of biochemical reactions.

In conclusion, by using ab-initio calculations, the characteristic
RR features of catalytic intermediates probably exist during
dialumene based CO, fixation are presented. The correlations
between RR signatures and the underlying molecular structures
are constructed and would guide future experimental character-
izations. Fingerprint analysis of intermediate structures shows that
different intermediate species can be selectively probed, identified
and characterized by spRR/stRR spectroscopy. In addition to the
Al—Al stretching, both the C3=05 stretching of compound II and
the C3=04 stretching of compound III are also strongly resonance
enhanced and can be clearly identified. Aided by resonant
enhancement, spRR and stRR spectroscopy exhibit great potential
as a tool in catalytic chemical analyses to reveal the microscopic
dynamical reaction details. By carefully select excitation energy, it
can not only filter out the vibration modes of solvents or other
environmental species, but also monitor the transient catalytic
intermediates under reaction conditions. Combined with conven-
tional experimental characterization methods, this technique can
be used as a powerful tool to monitor the structural and dynamic
information of intermediate species during the dialumene based
CO, capture reaction.
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