¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Infrared spectroscopy of Be(CO,),;" in the gas
phase: electron transfer and C-C coupling of
CO,t

Yang Yang, Yangyu Zhou, Xiaoyang Jin, Guanjun Wang

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 13149

and Mingfei Zhou 2 *

Beryllium—carbon dioxide cation complexes Be(CO,),* are produced by a laser vaporization-supersonic

Received 19th April 2022, expansion ion source in the gas phase. Mass-selected infrared photodissociation spectroscopy

Accepted 14th May 2022 supplemented by theoretical calculations confirms that Be(CO,)," is a coordination saturated complex
that can be assigned to a mixture of two isomers. The first structure involves a bent CO,™ ligand that is

bound in a monodentate nl—O coordination mode. Another isomer has a metal oxalate-type C,O4~

DOI: 10.1039/d2cp01788a

Published on 16 May 2022. Downloaded by Fudan University on 10/2/2022 7:08:13 AM.

rsc.li/pccp moiety with a C—-C hemibond.

Introduction

The fixation and transformation of carbon dioxide, a naturally
abundant carbon source that contributes to the greenhouse effect,
into useful chemicals are receiving increased attention.” The
coordination of carbon dioxide to a metal center is proposed to
be the initial step of catalytic activation of carbon dioxide.® Previous
experimental and theoretical studies have shown that carbon
dioxide can bind to the metal centers in various coordination
modes.*® The manner by which carbon dioxide binds to the metal
centers is an important factor to influence the extent of activation
and subsequent transformation.

The coordination of carbon dioxide by neutral metal atoms
and molecular metal oxide species has been investigated spec-
troscopically in cryogenic matrices.””'" Various carbon dioxide
complexes in monodentate (n'-C) and bidentate (n*C, O and
n>0, O) coordination modes were formed and identified
spectroscopically.” ™" In these complexes, the CO, ligands
possess a bent structure resulting from the transfer of electron
density from the metal centers. Such complexes constitute the
first intermediates in the reductive activation of carbon dioxide,
which can be photoisomerized to the inserted oxocarbonyl
species for some metal systems.® ™"

Besides the neutral complexes, some charged metal-carbon
dioxide complexes have also been studied by infrared photo-
dissociation spectroscopy in the gas phase. It was found that
both the monodentate and bidentate coordination modes are
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quite common in anionic metal-CO, complexes."*™*® For

instance, the monodentate n'-C coordination mode has been
identified in the [MCO,]™ complexes with M = Cu, Ag, Au and
Bi.”*™"®> The higher coordinated complexes [M(CO,),]” with
n > 2 for M = Co and Ni were characterized to involve a core
ion composed of two CO, ligands both of which are bound to
the metal center in a bidentate n?-C, O manner.'®'” The
bidentate 1?-O, O coordination mode was identified in the
[CIMgCO,]™ complex.’ In addition, the reduction of carbon
dioxide in forming the metal-oxalate species with a covalent
C-C bond has been observed in the alkali metal as well as
bismuth complexes [M(CO,),,]” (M = alkali metal, Bi).">°

The CO, ligand is bound to the metal center exclusively in an
end-on n'-O fashion in the cationic complexes.?'**> The bind-
ing between the metal cation and carbon dioxide is largely an
electrostatic interaction, resulting in a blue-shifted antisym-
metric CO, stretching vibration with respect to the free CO,
molecule.”’* Solvation-induced metal cation — carbon diox-
ide electron transfer with the formation of a bent CO,” moiety
was reported on the Mg(H,0),(CO,)" complexes with n > 3.’
Metal cation — ligand electron transfer reaction in forming an
oxalate-type C,0, anion species was proposed in the V(CO,),"
n > 7 clusters,”® which was later reassigned to a charge transfer
complex involving a bidentate n>-C, O coordinated CO,~
ligand.*® Solvation-induced intracluster insertion reaction pro-
ducing the oxocarbonyl species has also been reported in the
larger [M(CO,),,]" complexes with M = Ti, Ni, Si and n >5.>72°
Recent investigation on the end-on 1'-O coordinated [BeOCO]"
complex in solid neon matrix indicates that the bonding
between the metal cation and CO, exhibits significant covalent
character due to the interference of the wave function.>® Here
we report the generation and infrared spectroscopic character-
ization of the larger Be(CO,)," complexes in the gas phase,
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revealing the formation of electron transfer and C-C coupled
species.

Experimental and theoretical methods

The cation complexes were generated in the gas phase using a
pulsed laser vaporization/supersonic expansion ion source and
were studied by infrared photodissociation spectroscopy as
described in detail previously.?” The 1064 nm fundamental of
a Nd:YAG laser (Continuum, Minilite IT) with 10-20 m] pulse "
was employed to ablate a beryllium metal target. The cation
complexes were produced from the laser vaporization process
in expansions of helium seeded with 5% CO, using a pulsed
valve (General Valve, Series 9) at 0.6-1.2 MPa backing pressure.
After free expansion, the cations were skimmed and analyzed
by a time-of-flight mass spectrometer. The species of interest
were mass-selected and decelerated before being subjected to
infrared photodissociation by a tunable IR laser generated via
an OPO/OPA system (Laser Vision) pumped by a Nd:YAG laser
(Continuum Surelite EX). The fragment ions together with the
undissociated parent ions were reaccelerated and detected by a
second collinear time-of-flight mass spectrometer. IR spectra
were recorded by monitoring the relative yield of fragment ions
as a function of the photodissociation IR laser wavelength. The
spectra were recorded by scanning the dissociation laser in
steps of 2 cm™ " and averaging over 300 laser shots at each
wavenumber.

Quantum chemical calculations were performed on the
Be(CO,)," (n = 1-5) complexes. The stochastic surface walking
(SSw) global optimization method*® was used to search for the
possible stable isomers with the large-scale DFT calculations at
the B3LYP/6-311+G* level.**™** The search started from a few
guessed structures and stopped until no further stable struc-
ture appeared after extensive runs. The low-lying stable isomers
were then re-optimized at the B3LYP-D3/aug-cc-pVIZ level to
confirm the relative energy sequence and to benchmark with
the experimental IR spectrum.®® Further single-point energy
calculations on the optimized structures of the two lowest-lying
isomers of Be(CO,)," were carried out at the CCSD(T)/cc-pVTZ
level.** All calculations were carried out using the Gaussian 09
program.”® Theoretically predicted IR spectra were obtained by
applying Lorentzian functions with the theoretical harmonic
vibrational frequencies scaled by a factor of 0.975 and a 5 cm ™"
full width at half-maximum (fwhm). The scaling factor was
obtained from the ratio of the experimental antisymmetric
stretching frequency of 2349 cm ™' for CO, and the calculated
value of 2409 cm™".

The energy decomposition analysis with the natural orbitals
of the chemical valence (EDA-NOCV) method*® was employed
for the metal-ligand bonding analysis at the BP86/TZ2P level
using the B3LYP/aug-cc-pVIZ optimized geometries with the
ADF2014 program package.”’”* In this analysis, the intrinsic
interaction energy (AEi,) between two fragments can be
divided into three energy components as follows: the electro-
static interaction energy (AEejsear), the Pauli repulsion (AEpays)
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and the orbital interaction energy (AE,,). Therefore, the inter-
action energy (AE;,) between two fragments can be defined as
AEint = AEeIstat + AEPauIi + AEorb-

Results and discussion

The mass spectrum of the cation complexes produced by laser
vaporization of a beryllium metal target in an expansion of
helium seeded with 5% carbon dioxide is shown in Fig. 1. The
spectrum mainly consists of two groups of mass peaks that can
be assigned to the Be(CO,),," (n = 3-5) and Be,O(CO,),," (n =3, 4)
complexes based on the m/z ratios. The mass peak of Be(CO,),"
is always the most intense peak in the spectrum at different
experimental conditions, suggesting that this cation might be a
coordinatively saturated complex. The Be(CO,)," (n = 4, 5)
cation complexes were each mass-selected and subjected to
infrared photodissociation. Both complexes were found to be
able to dissociate via the loss of a neutral CO, ligand. The
Be(CO,)," cation dissociates only under focused IR laser irra-
diation with quite low efficiency in the low frequency region
(1000-1500 cm ™). In contrast, the Be(CO,)s" cation dissociates
more efficiently in the low frequency region. The vibrational
spectra in the 1000-2500 cm ™' region for the n = 4 and 5
complexes are shown in Fig. 2.

Both spectra exhibit strong bands in the 2300-2400 cm™
frequency region, which can be attributed to the antisymmetric
OCO stretching vibrations of the n'-O coordinated CO, ligands.
The band of Be(CO,)," in this region is quite broad and cannot
be well-resolved. In contrast, well-resolved bands at 2350, 2388
and 2404 cm~ " were observed for the Be(CO,)s" complex. The
sharp band at 2350 cm ™" for the Be(CO,)s" complex is very close
to the antisymmetric stretching mode of free CO,, and is due to
the absorption of a weakly bound CO, ligand. The spectra in
the low frequency region for the n = 4 and 5 complexes are quite
similar except that the band intensities of the n = 4 complex are
much weaker than those of the n = 5 complex. These experi-
mental observations imply that the n = 5 complex is a weakly
bound complex involving a Be(CO,)," core cation.

1

Be(CO,),
600 -
450 -
2
s
]
£ 300
Be,0(CO,),"
150 - | Be0(cOy)
Be(CO,)," Be(CO,)s"
o- T T 1
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Fig. 1 Mass spectrum of the cation complexes produced by pulsed laser
vaporization of a beryllium metal target in an expansion of helium seeded
by carbon dioxide.
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Fig. 2 Infrared photodissociation spectra of (a) Be(CO,),* (in black) and
(b) Be(CO,)s™ (in red).

Quantum chemical calculations were firstly performed on
the Be(CO,)," cation complex. Six stable isomers lying within
40 keal mol " were found using the stochastic surface walking
method. The structures and relative stabilities optimized at the
higher B3LYP-D3/aug-cc-pVTZ level are shown in Fig. S1 in the
ESIL.1 The lowest-energy isomer (Fig. 3, 1A) has a C, symmetric
structure involving a C,0, moiety and two equivalent n*-O end-
on coordinated CO, ligands. The C,O, unit is coordinated to
the beryllium center via two O atoms. It has a calculated C-C
bond distance of 2.075 A, which is close to that of the C,0,~
anion (1.985 A),°>*! but is significantly longer than that in the
C,0,>" dianion (1.574 A)°! calculated at the similar level of
theory, suggesting that the 1A isomer is a metal-oxalate spe-
cies, Be**(C,04 )(OCO),. The second lowest-lying isomer has C;
symmetry (Fig. 3, 1B) involving a quite bent CO, ligand and
three nearly linear n'-O end-on coordinated CO, ligands. The
bent CO, ligand has a predicted OCO bond angle of 129.7°,
which is slightly more acute than that of the free CO,™ anion
(134°).°"°* The 1B structure can be described as
Be**(C0O,7)(0CO);. The 1B isomer is predicted to be about
4.7 keal mol ™" higher in energy than the most stable structure
1A at the B3LYP-D3/aug-cc-pVTZ level after zero point energy
correction. The energy difference is reduced to be only
1.1 kcal mol™' at the CCSD(T)/cc-pVTZ//B3LYP-D3/aug-cc-
pPVTZ level of theory. The third structure 1C (Fig. S1, ESIY)
involves a bidentate n*-0, O coordinated CO, "~ ligand and three
nearly linear n'-O end-on coordinated CO, ligands. The fourth
structure 1D (Fig. S1, ESI}) is a carbonate-carbonyl complex
with the carbonate unit being bonded to the beryllium center
via a single O atom. The fifth isomer 1E (Fig. S1, ESI{) is a
weakly bound complex featuring a Be(OCO);" core ion and a
weakly tagged CO, O-bound ligand. All of the three CO, ligands
in the Be(OCO);" core ion possess the n'-O coordination mode.
The sixth isomer 1F (Fig. S1, ESI{) is an inserted oxocarbonyl
species coordinated by two nearly linear n'-O end-on CO,
ligands. The last four isomers were predicted to be 13.3, 29.6,
33.3 and 37.4 kcal mol™" higher in energy than the most
stable isomer 1A at the B3LYP-D3/aug-cc-pVTZ level, which are
unlikely to be observed in the experiments. The calculated
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Fig. 3 Optimized structures (bond length in A and bond angle in °) of the
two lowest-lying structural isomers of the Be(CO,),* (n = 1-5) complexes
at the B3LYP-D3/aug-cc-pVTZ level. The relative stabilities are also given
in kcal mol™,

vibrational frequencies and intensities of these isomers are
collected in Table S1 in the ESILf The simulated infrared
spectra of the two lowest-lying isomers of the Be(CO,)," cation
complex are compared to the experimental spectrum in Fig. 4.
The sum of the two simulated spectra shows good agreement
with the experimental spectrum, suggesting that the observed
Be(CO,)," cation complex can be assigned to a mixture of
isomers 1A and 1B.

The broad band centered at 2380 cm™" that is blue shifted
by 31 cm ™" from the antisymmetric stretching mode of free CO,
is attributed to the antisymmetric CO, stretching vibrations of
the n'-O end-on bonded CO, ligands. The assignment of
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Fig. 4 Experimental infrared spectrum (a) and simulated vibrational spec-
tra (b) and (c) of the Be(CO,);" cation. The simulated spectra were
obtained from scaled harmonic frequencies and intensities for the two
lowest-lying structural isomers (1A and 1B in Fig. 3) calculated at the
B3LYP-D3/aug-cc-pVTZ level.

isomer 1A is confirmed by the experimental observation of two
bands at 2000 and 1950 cm ™, which are due to the antisym-
metric and symmetric CO stretching vibrations of the C,0,
subunit. These two modes were predicted at 2010 and
1958 cm ™' at the B3LYP level (Table 1). The coexistence of
isomer 1B is supported by the experimental observation of the
band at 1754 cm ™. This band can be assigned to the antisym-
metric CO, stretching mode of the bent CO, ligand of 1B, which
matches the calculated value of 1740 cm™* very well. Calcula-
tions predicted that the other four high-lying isomers (Fig. S1,
1C-1F, ESIt) do not have any vibrations in the 1600-2300 cm ™ *
frequency region (Table S1, ESIt). The comparison of the
calculated vibrational frequencies with the experimental values
of isomers 1A and 1B are listed in Table 1.

The Be(CO,)s" complex was also calculated. The two lowest-
lying isomers are shown in Fig. 3. Both structures are very
weakly bound complexes involving a tagged CO, ligand with
quite long Be-CO, distances (3.250 A in 2A and 3.196 A in 2B).

Table 1 Comparison between the experimental and calculated (B3LYP-
D3/aug-cc-pVTZ) vibrational frequencies of the two structural isomers of
Be(CO,),4™. The calculated frequencies are scaled by a factor of 0.975. The
calculated IR intensities are listed in parentheses in km mol™ The
experimental values in parentheses are taken from the spectrum of
Be(CO,)s*

1A 1B
Exptl Caled Exptl Caled
(2404) 2407 (167) (2404) 2402 (115)
2380 2389 (1639) 2380 2378 (1237)
2000 2010 (798) 2364 (1115)
1950 1958 (45) 1754 1740 (412)
1365 (31) 1352 (15)
1369 1355 (152) 1340 (122)
1189 1230 (320) (1296) 1322 (127)
(1088) 1116 (122) (1202) 1199 (306)
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Fig. 5 Calculated spin densities of isomers (1A and 1B) of Be(CO,),4* at the
B3LYP-D3/aug-cc-pVTZ level. The calculated spin densities are taken
from the Mulliken atomic spin densities (in a.u.).

The structures of the Be(CO,)," core ion correlate to the two
lowest-lying isomers (1A and 1B) of Be(CO,),". The simulated
spectra of these two isomers of Be(CO,);" are compared with
the experimental spectrum in Fig. S2 in the ESI.{ The results
support the conclusion that both 2A and 2B isomers were
formed in the experiments. It seems that the contribution of
isomer 2A outweighs that of isomer 2B in the experimental
spectrum.

The calculated AIM®® charge distributions of the two experi-
mentally observed Be(CO,)," isomers are listed in Table S2 in
the ESL{ The results show that the beryllium center has a
positive charge of +1.74e in both isomers. The C,0, moiety in
1A carries a negative charge of —0.84e, and thus, it can be
described as Be>*(C,0,7)(OCO),. The bent CO, ligand in 1B
carries a negative charge of —0.83e. Accordingly, 1B can be
denoted as Be**(CO,)(OCO);. Fig. 5 shows the calculated spin
densities of the two isomers of Be(CO,),". The unpaired elec-
tron is nearly exclusively located on the C,0,  moiety in 1A and
on the bent CO,™ ligand in 1B.

The small complexes Be(CO,)," (n = 1-3) were also observed
in the mass spectrum. However, these complexes were either
undissociated or dissociated with very low efficiency due to
strong binding in the middle IR frequency region. Theoretical
calculations were performed on the Be(CO,)," (n = 1-3) com-
plexes. The optimized structures are shown in Fig. S3 in the
ESL.f The two lowest-lying isomers are shown in Fig. 3. The
most stable structure of BeCO," is linear with the CO, ligand
n*-0 end-on bonded to the Be" center. This complex has been
observed in solid neon matrix with an antisymmetric CO,
stretching vibration of 2418.9 cm ™', blue-shifted by 71 cm™*
from that of free CO,.?° This end-on coordinated structure was
predicted to be 6.0 kcal mol™~ " lower in energy than the n*-O, O
coordinated isomer with C,, symmetry (Fig. S3, ESIt). The most
stable structure of Be(CO,)," was predicted to have C; symmetry
involving an n'-O coordinated CO, ligand and an n*0, O
coordinated CO, ligand. The structure with both CO, ligands
being end-on bonded was predicted to be 7.1 kcal mol " higher
in energy than the most stable structure. The structure with a
bent end-on bonded CO,  ligand is the third most stable
isomer, which lies about 10.1 kcal mol™" higher in energy.
The oxalate structure involving a C,0,  moiety was predicted to
be 17.3 kcal mol™" less stable than the most stable one. The
metal oxalate structure becomes the most favored structure for
the Be(CO,);* complex. The isomer with an n*-0, O side-on
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Table 2 EDA-NOCYV results of the isomers 1A and 1B at the BP86/TZ2P//
B3LYP-D3/aug-cc-pVTZ level of theory.? Energy values are given in

kcal mol™*
Fragments 1A Be(CO,),>" (S) + C,0,~ (D) 1B Be(CO,);>" (S) + CO,™ (D)
AEin: —353.8 —302.7
AEpquii 88.9 82.3
AEug,’ — —283.6 (64.1%) —282.7 (73.5%)
AEg’ —159.1 (35. 9%) —102.3 (26.5%)
AEorb[l] —45.6 (28.7%) —42.1 (41.2%)
AEq 2] —45.6 (28.7%) —16.1 (15.7%)
Eorb(3)” —19.4 (12.2%) —15.7 (15.3%)
AEorb(rest] —48.5 (30 40/0) —28.4 (27.80/0)

Fragments are given in singlet (S) or doublet (D) electronic states.

b The values in parentheses show the contribution to the total attractive
interaction AEqsee plus AE,,. © The values in parentheses show the
contribution to the total orbital interaction AE,.,.

coordinated CO, ligand and two equivalent n'-O end-on coor-
dinated CO, ligands is slightly (0.4 kcal mol ") higher in energy
than the first structure. Geometry optimization on the structure
with a bent end-on bonded CO, " ligand converged to the most
stable isomer. These calculation results show that addition of
CO, molecules gradually increases charge transfer and stabi-
lizes the complexes with activated CO,. At least two CO,
molecules are needed to induce the electron transfer from the
metal center to the ligands. This is very similar to the recent
report on Mg(H,0),(CO,)", where three H,O molecules are
needed to induce charge transfer with the formation of a bent
CO,~ moiety.”’

Recent investigation on the BeOCO' cation complex
indicates that the metal-ligand bonding involves significant
covalent character.*® In order to understand the nature of the
metal-ligand bonding in the Be(CO,);" complex, the EDA-
NOCV method is used to analyze the bonding situation in
isomers 1A and 1B. According to the aforementioned bonding
analysis, we use the fragments [Be(CO,),>"] and [C,0, ] for 14,
[Be(CO,);**] and bent [CO, ] for 1B as interacting species. The
numerical results calculated at the BP86/TZ2P level using the
B3LYP-D3/aug-cc-pVTZ optimized geometries are collected in
Table 2. For both isomers, the contribution of the electrostatic
attraction AEejsea; (64.1% in 1A and 73.5% in 1B) is larger than
the orbital interaction AE,y, (35.9% in 1A and 26.5% in 1B).
There are three major components to the total orbital interac-
tions in isomer 1A, which provide 69.6% of AE,,. The first
orbital interaction AE,,) comes from the donation of the
HOMO-3 of [C,0,7] to the LUMO of [Be(CO,),>*], which is
primarily the 2s atomic orbital of beryllium. The second orbital
interaction component AE,) comes from the donation of the
HOMO of [C,0,7] to the LUMO+1 of [Be(CO,),>"], which is
essentially the 2p atomic orbital of beryllium. These two
components have equal contribution of —45.6 kcal mol .
The third component AE,q,;) amounts to —19.3 keal mol ™,
which is due to the donation interaction of HOMO-2 of
[C,0,7] to the vacant LUMO+2 of [Be(CO,),>"]. In isomer 1B,
there are also three major components that contribute to the
covalent interaction, which involve the donation of the highest-
lying singly or doubly occupied molecular orbitals of [CO, ] to
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the vacant orbitals of the [Be(CO,);>'] fragment. The strongest
component provides about 41.2% of the total orbital inter-
action energy. The next two orbital interaction items AEq)
and AE,mp,(3) account for 15.7% and 15.3% of AE,,, respectively.
The remaining orbital term A Eqprest) cOmes mainly from intra-
fragment charge polarization of the charged fragments. The
pairwise orbital interactions are visualized and identified with
the help of the associated deformation densities Ap shown in
Fig. S4 (ESIf), which nicely illustrate the charge flow that
accompanies the orbital terms. It becomes obvious that the
metal-ligand bonding also involves significant covalent char-
acter in both the 1A and 1B isomers.

Conclusions

The beryllium-carbon dioxide cation complexes Be(CO,)," are
produced by a laser vaporization-supersonic expansion ion
source in the gas phase. Mass-selected infrared photodissocia-
tion spectroscopy in conjunction with theoretical calculations
indicates that the Be(CO,)," cation is an electronically coordi-
nation saturated complex exhibiting two structural isomers,
which are predicted to be very close in energy. The first
structure (1A) is a metal oxalate complex involving a C,0,
moiety and two equivalent n'-O end-on coordinated CO,
ligands. Another isomer (1B) involves an n'-O end-on coordi-
nated bent CO,~ ligand and three nearly linear n'-O end-on
coordinated CO, ligands. Bonding analyses reveal that the
bonding interactions between [Be(CO,),>"] and [C,0, ] in 14,
[Be(CO,);**] and bent [CO, ] in 1B both involve significant
covalent character.
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