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Spectroscopic characterization of the complex of vinyl radical
and carbon dioxide: Matrix isolation and ab initio study

Sergey V. Ryazantsev,'2 Daniil A. Tyurin,! Vladimir I. Feldman,’

and Leonid Khriachtchev??)
I Department of Chemistry, Lomonosov Moscow State University, 119991 Moscow, Russia
2Department of Chemistry, University of Helsinki, P.O. Box 55, FI-00014 Helsinki, Finland

(Received 17 August 2017; accepted 23 October 2017; published online 8 November 2017)

We report on the preparation and vibrational characterization of the C,Hj3- - - CO, complex, the first
example of a stable intermolecular complex involving vinyl radicals. This complex was prepared
in Ar and Kr matrices using UV photolysis of propiolic acid (HC3OOH) and subsequent thermal
mobilization of H atoms. This preparation procedure provides vinyl radicals formed exclusively
as a complex with CO,, without the presence of either CO, or C;H3 monomers. The absorption
bands corresponding to the vs(C,H3), v7(CyH3), vg(CoHs), v2(CO»), and v3(CO,) modes of the
CyH3- - - CO, complex were detected experimentally. The calculations at the UCCSD(T)/L2a level of
theory predict two structures of the C,Hs- - - CO, complex with C and C| symmetries and interaction
energies of —1.92 and —5.19 kJ mol~!. The harmonic vibrational frequencies of these structures were
calculated at the same level of theory. The structural assignment of the experimental species is not
straightforward because of rather small complexation-induced shifts and matrix-site splitting of the
bands (for both complex and monomers). We conclude that the C; structure is the most probable
candidate for the experimental C,Hj3- - - CO, complex based on the significant splitting of the bending
vibration of CO; and on the energetic and structural considerations. Published by AIP Publishing.

https://doi.org/10.1063/1.5000578

l. INTRODUCTION

Vinyl radical (C,Hj3) is a reactive intermediate in combus-
tion processes and chemistry of planetary atmospheres. During
the past decades, this species has been extensively charac-
terized by various spectroscopic techniques, both in the gas
and solid phases.'~'* The experimental studies have provided
basic knowledge of the structure and vibrational spectra of
vinyl radicals, which is in agreement with the state-of-the-art
calculations. 17

Noncovalent interactions play an important role in many
chemical, physical, and biological processes.'®? In particu-
lar, the weak interactions of radicals with simple and abundant
molecules, such as CO;, and H,O, are of great interest for
various applications. In general, complexation may affect the
reactivity of free radicals. Reactions of vinyl radicals were
investigated both experimentally and theoretically (see, e.g.,
Refs 21 and 22). However, to the best of our knowledge,
the intermolecular complexes of this species have not been
reported so far. Studies of the complexes of vinyl radicals may
be essential for understanding the evolution of this species in
real complex systems. The motivation of the present work is to
identify a complex between vinyl radicals and carbon dioxide.

Matrix isolation infrared spectroscopy is an efficient
tool to study noncovalent interactions.>>?* Two related com-
plexes of radicals with CO, have recently been characterized
by this method. The first example is the HCNH..-CO;
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complex,” which is isoelectronic to CoHjz---CO,, but has
a significantly different molecular structure. The other exam-
ple is the C;H---CO;, complex, which exhibits remarkable
vibronic interactions due to peculiarities of the electronic
properties of the ethynyl radical (C,H).%¢

Itis not an easy task to produce intermolecular complexes
of free radicals in sufficient concentrations in cryogenic matri-
ces. For example, the HCNH- - - CO; complexes were obtained
by the reactions of H atoms with the HCN- - - CO, complexes
prepared by deposition of the HCN/CO,/Ng mixture (Ng
= a noble gas).”> In the case of vinyl radicals, the evident
way includes the reaction of the CoHj- - - CO, complexes with
H atoms. Unfortunately, the complex of acetylene with car-
bon dioxide is quite weak and cannot be obtained in sufficient
amounts by co-deposition of C,H; and CO;; thus, one should
apply a more sophisticated approach. It has been shown that
photolysis of propiolic acid (HC300H, PA) in solid matri-
ces produces the CoH,- - - CO, complex with a high yield.?’
The reaction of the C;H;- - - CO, complexes with H atoms can
lead to the CoH3- - - CO, complexes. A similar way involv-
ing photolysis of a suitable precursor was used to prepare the
HCO- - - H,0 complex.?® In that work, the HCO- - - H,O com-
plex was produced by photolysis of HCOOH/HY/Kr (Y = Br
and Cl) matrices followed by thermal annealing at about 30 K,
which promoted the H+ CO- - - H,O — HCO:- - - HyO reaction.

In the present work, we report on the experimental and
theoretical characterization of the C;Hs- - - CO, complex. The
experimental identification of this complex is performed by
using matrix-isolation FTIR spectroscopy. The calculations
are done at the UCCSD(T)/L2a level of theory. To the best of

Published by AIP Publishing.


https://doi.org/10.1063/1.5000578
https://doi.org/10.1063/1.5000578
https://doi.org/10.1063/1.5000578
mailto:ryazantsev@rad.chem.msu.ru
mailto:ryazantsev@rad.chem.msu.ru
mailto:leonid.khriachtchev@helsinki.fi
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5000578&domain=pdf&date_stamp=2017-11-08

184301-2 Ryazantsev et al.
our knowledge, it is the first intermolecular complex of vinyl
radicals.

Il. COMPUTATIONAL AND EXPERIMENTAL DETAILS
A. Computational details

The molecular geometries have been fully optimized
(tolerance on gradient: 107 a.u.) at the valence-correlated
UCCSD(T) level of theory.”” The augmented correlation-con-
sistent basis set of type L2a was used.>” This basis set has been
successfully used in the previous studies of intermolecular
complexes (see, e.g., Ref. 25). The L2a basis set is analo-
gous to the aug-cc-pVTZ basis set,>"3? but it includes a larger
number of primitive Gaussian functions. The comparison of
the basis set contraction schemes for the L2a and aug-cc-
pVTZ basis sets is given in Table S1 of the supplementary
material. The minimum points on the potential energy sur-
face (PES) were verified by vibrational analysis. Using the
optimized geometries, we calculated the harmonic vibrational
frequencies, zero-point vibrational energy (ZPVE), and IR
intensities at the same level of theory. For the complexes, the
interaction energy was found as a difference between ener-
gies of the complex and the monomers taking into account the
basis set superposition error (BSSE)** and ZPVE corrections.
Bader’s topological analysis of the UCCSD(T)/L2a electron
density was performed in order to find the critical points of the
electron density (bond critical points (BCPs) and ring critical
points).>* All calculations and Bader’s topological analysis
were performed using the PRIRODA program.>

B. Experimental details

PA (>98%, Alfa Aesar) was degassed by several
freeze-pump-thaw cycles. Acetylene (99.6%, AGA), argon
(>99.9999%, Linde), and krypton (>99.999%, Linde) were
used as purchased. The C,;H,/Ng and PA/Ng (Ng = Ar, Kr) gas
mixtures with a typical ratio of 1/2000 were made in a glass
bulb by using standard manometric procedures. In the case of
PA/Ng mixtures, the bulb was passivated with PA vapors by
several fill-keep—evacuate cycles prior to the mixture prepa-
ration. The matrices were deposited onto a CsI substrate held
at 15 and 20 K for Ar and K, respectively, in a closed-cycle
helium cryostat (RDK-408D2, SHI). An ArF excimer laser
(MSX-250, MPB) provided photolysis at 193 nm (1 Hz, pulse
energy density from 5 to 20 mJ cm™2). An optical parametric
oscillator (OPO Sunlite/FX1, Continuum) was used for 250-
nm photolysis (10 Hz, pulse energy density ~5 mJ cm™2). The
infrared spectra (region 4000-600 cm™!, resolution 1 cm™!,
500 scans) were measured at 4.3 K with an FTIR spectrometer
(Vertex 80, Bruker) equipped with an MCT-B detector. The
positions of the infrared absorption bands were obtained from
the Gaussian fits, whose standard approximation errors were
less than 0.1 cm™!. All experiments were carried out in the
University of Helsinki.

lll. RESULTS

A. Computational results

The analysis of the PES of the C,Hj3--- CO;, complex
gives two structures with C; and Cs symmetries corresponding

J. Chem. Phys. 147, 184301 (2017)

2 C1 1.079 2278 L
122.11° 1.312 iy ?
2.465 116 N/ 1163

179.96°

O(H-C%-C'-C%) = 40.38°
©(C3-C'-C*-0") =-36.96°
0(C?C'-C%-0?) = 143.06°
O(H-C2-C'-H') = 179.89°
O(H*-C2C'-H)= 0.01°

FIG. 1. Structures of the CoH3- - - CO, complex with Cs (top) and C; (bot-
tom) symmetries. The distances are in A, and the angles are in degrees. The
view on the vinyl radical plane is shown for the C structure (non-planar).
Dihedral angles are denoted as ®. For structures of CoH3 and CO, monomers,
see Fig. S1 of the supplementary material. The atomic coordinates for the
CyH3- - - CO; complexes and C,H3 and CO, monomers are given in Table
S3 of the supplementary material.

to the true energy minima (Fig. 1). The ZPVE- and BSSE-
corrected interaction energies are —5.19 and —1.92 kJ mol~!
for the C; and Cs complexes. The effect of the corrections
is presented in Table S2 of the supplementary material. The
structures of the CoH3 and CO; units in the complex are very
similar to those of the monomers (see Fig. S1 of the supplemen-
tary material). The complexation mainly changes the C2—H?
and C*=0? bond lengths (see Fig. 1 for atom labeling). For
both structures, the interaction leads to an elongation of the
C?>—H? bond and to a shortening of the C>*=0? bond. For
the Cs structure, Bader’s topological analysis of the elec-
tron density indicates the appearance of one additional BCP
between H' and O! atoms (in comparison with the BCPs
of the monomers). For the C; structure, a similar analysis
shows two additional BCPs corresponding to the H?- - - O! and
C!---C3 interactions, which may explain a stronger binding
as compared to the C structure. The full set of the critical
points of the electron density for CO, and C,H3 monomers
and the CyHj3--- CO;, complex is given in Table S3 of the
supplementary material.

The harmonic vibrational frequencies and the IR inten-
sities are presented in Table I. For the v3(CO;) mode, the
calculations predict a red shift of 1.8 cm™! for the C| structure
and a blue shift of 1.4 cm™! for the Cj structure, as compared
to the CO, monomer. The complexation results in an increase
of the frequency of the vg(C,H3) mode: the calculated shift is
+7.0 cm™! for the C structure and +0.8 cm™! for the C; struc-
ture, as compared to the isolated vinyl radical. The v,(CO,)
vibration is red-shifted by 1.3 cm™! for the Cj structure, and
the complexation-induced splitting of this mode is negligible.
In the C; structure, this mode is split into two components: the
stronger one with a considerable red shift (9.4 cm~!) and the
weaker one with a very small red shift (—0.7 cm™).

B. Experimental results

Monomeric vinyl radicals were prepared by 193-nm irra-
diation and subsequent annealing of C;H,/Ng matrices (Ng
= Ar and Kr).” The UV photolysis (1200-3500 pulses, pulse
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TABLE I. Calculated vibrational frequencies (in cm™ 1) for the CyH3: - - CO, complex and CoH3z and CO;

monomers.*

Mode Monomer® Complex(Cs) Complex(Cp)
C,Hj3 vibrations
v1 (@-CH str.)¢ 3248.1(0.5) 3258.8(12.2) 3249.2 (0.7)
v, (CH; a-str.) 3177.5(2.4) 3173.8(3.2) 3178.4(1.0)
v3 (CHy s-str.) 3070.1(3.2) 3067.0(3.9) 3068.4 (2.7)
v4 (CC str.) 1636.2 (1.7) 1635.9 (4.0) 1634.6 (2.5)
v5 (CH; s-bend) 1397.4(6.7) 1397.5(5.0) 1397.0(10.3)
v (CH, a-bend + @-CH bend) 1071.9(7.1) 1071.6(10.9) 1071.2(6.4)
vg (CH; + @-CH s-oop bend) 921.9(69.9) 922.7(70.4) 928.9(70.8)
vy (CH; + @-CH a-oop bend) 822.3(9.2) 835.4(5.0) 818.7(10.9)
v7 (CHy + @-CH a-bend) 724.3 (16.8) 731.8(20.0) 722.7(16.9)
CO; vibrations
v3 (CO; a-str.) 2390.0 (649.0) 2391.4(751.8) 2388.2(546.9)
v1 (CO; s-str.) 1346.1 (0.0) 1348.1(0.1) 1345.8 (0.1)
v, (CO, bend) 671.3(27.2) 670.0 (26.6) 670.6(22.5)
671.3(27.2) 670.0(26.5) 661.9(43.4)
Intermolecular vibrations
77.4(2.5) 115.6(3.5)
65.2(0.0) 84.0(0.2)
46.7(1.0) 74.1(1.2)
11.6(0.0) 50.7(1.2)
10.8(0.2) 26.2(2.1)

R intensities (in km mol™ ') are given in parentheses.

YThe data for the C,H3 monomer are in agreement with the previous harmonic calculations (see, e.g., Ref. 15).
¢ Assignment of the vibrational modes of the CyHj radical is according to Ref. 12 (see Ref. 17 for the graphical representation of

the normal modes).

energy density ~10 mJ cm™?) partially decomposes matrix-
isolated C,H, molecules (by ~30%), producing Ng,H* ions
(in small amounts), C,H radicals, and presumably H atoms and
C, molecules that are invisible in the IR spectra.’® Annealing
of Ar and Kr matrices at ~20 and 30 K mobilizes H atoms>’—°
and leads to the formation of vinyl radicals via the H + C,H;
— C,Hj3 reaction [trace (a) in Fig. 2]. In addition to the two
bands of vinyl radicals previously reported in Ar and Kr matri-
ces (vs5 and vg modes),” we observed the v; mode (687.6/684.2
cm™! in an Ar matrix and 684.7/681.2 cm™' in a Kr matrix),
which is known to be at 677.1 cm~! in a Ne matrix.!"!3 In a
Kr matrix, the H + Kr + CCH reaction leads to the formation
of HKrCCH.?

The C;H;---CO, complexes can be obtained by UV
photolysis of PA/Ng matrices.?’ In accordance with the pre-
vious results,”’ 193-nm photolysis (1500 pulses, pulse energy
density ~5 mJ cm~2) of matrix-isolated PA leads to the effi-
cient formation of the CoH,- - - CO, complex (3302.4, 3285.3,
2343.7,2340.8, 1339.5, 738.2, 663.6, and 656.5 cm™! in an Ar
matrix and 3292.3, 3277.9, 2340.2, 1330.8, 734.0, 661.9, and
657.1 cm™! in a Kr matrix). Prolonged irradiation (6000 pulses,
pulse energy density 15-20 mJ cm™2) leads to some decrease of
the C,H;- - - CO; bands. In an Ar matrix, the formation of the
C,H- - - CO; complex is observed after extensive photolysis.?
In a Kr matrix, the Co,H- - - CO; complex is not detected under
these conditions, presumably due to the efficient photode-
composition as discussed elsewhere.’® The HC,OH: - - CO

and probably H,C,0- - - CO complexes as well as some other
species are also seen after photolysis in small amounts.*->”
Prolonged irradiation produces the HC,O- - - CO complexes
in both matrices (characteristic bands at 2023.8/2019.1 cm™!
in an Ar matrix and at 2020.8/2016.8 cm™! in a Kr matrix),
which evidences the formation of H atoms.

Absorbance

1 1 ) I I 1 I 1 1 I
1360 1340 1320 900 740 720 700 680 660 640

Wavenumber (cm")

FIG. 2. Difference FTIR spectra showing the results of [(a) and (b)] anneal-
ing (5 min at 35 K) of the 193-nm irradiated C,H,/Kr and PA/Kr matrices,
respectively, and (c) 250-nm irradiation of the preliminary 193-nm irradiated
and annealed (5 min at 35 K) PA/Kr matrix. All spectra were measured at
43 K.
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FIG. 3. The effect of annealing (5 min at each temperature) on the forma-
tion of the CoH3- - - CO; complex and the decrease of the amount of the
CyH; - - - CO, complex in a Kr matrix. Prior to annealing, a PA/Kr matrix was
irradiated at 193 nm. The intensities were obtained by integration of the bands
at 897.8 and 734.0 cm™! for CyHj3- - - CO; and CoH;- - - COg, respectively,
and normalized to the overall intensity changes. The spectra were measured
at4.3 K.

The UV-irradiated PA/Ng matrices were annealed at 25
and 35 K for Ar and Kr matrices, respectively, which led
to some decrease of the amount of C,Hj- - - CO,. Simultane-
ously, new absorptions appeared in the FTIR spectrum at the
positions, which slightly differ from the bands of monomeric
C,H3 and CO; [trace (b) in Fig. 2]. Figure 3 shows that the
annealing-induced growth of these new bands is in good corre-
lation with the decrease of the amount of C,Hj- - - CO,. These
changes occur in the temperature range, which is characteris-
tic for the thermal mobilization of H atoms.>’—? All the bands
of the C;H3 and CO; units are bleached similarly by irra-
diation at 250 nm, which shows that they originate from the
same species. Importantly, the decomposition of CoHz- - - CO,
at 250 nm is accompanied by an increase of the C;H;- - - CO;,
amount [trace (c) in Fig. 2]. These facts allow us to assign

J. Chem. Phys. 147, 184301 (2017)

the new bands to the C,Hj3- - - CO, complex resulting from
the reaction of CoH,- - CO, with H atoms. Table II shows
the experimental vibrational frequencies of the CoHj- - - CO;
complex and C,H3 and CO; monomers. It should be noted
that thermally mobilized H atoms in noble-gas matrices can-
not react with CO; to form HOCO radicals because of large
energy barriers for the H + CO, — HOCO reaction.*’ Thus,
under our experimental conditions, the only possible chan-
nel of the reaction between H atoms and C,H;- - - CO; is the
formation of the C;Hs---CO;, complexes. Indeed, no can-
didates for the CoH- - - HOCO complexes in the character-
istic regions of the HOCO absorption were observed in our
experiments.

IV. CONCLUDING DISCUSSION

In this work, we have reported experimental and theoret-
ical results on the CoHj3: - - CO, complex, which is the first
example of an intermolecular complex of vinyl radicals. The
experimental identification of the C,Hs- - - CO, complex has
been performed by using matrix-isolation FTIR spectroscopy.
The preparation of this complex in Ar and Kr matrices is based
on a two-step synthesis including 193-nm photolysis of PA
to yield the precursor complex (C,H;- - - CO;) followed by its
reaction with thermally mobilized H atoms (Figs. 2 and 3). This
procedure does not involve isolated C,;H, molecules; thus,
vinyl radicals are formed exclusively as a complex with CO,.
In this case, the experimental identification of the complex is
straightforward despite rather small spectral shifts induced by
the complexation. An interesting direction of further work is
to study the effect of complexation on the reactivity of vinyl
radicals.

The calculations at the UCCSD(T)/L2a level of theory
predict two structures of the CoHj3- - - CO, complex with Cg
and C; symmetries (Fig. 1), the latter being lower in energy.
Bader’s topological analysis of electron density shows two

TABLE II. Experimental vibrational frequencies of Co,H3 and CO, monomers and the CoHs - - - CO, complex
(complexation-induced shifts in parentheses) and calculated complexation-induced shifts (all values in cm™ a

Ar matrix Kr matrix Calculations
Mode Monomer Complex Monomer Complex Cs C
vs (CoH3) 1356.7 1357 shP 1353.3 1351.6 (-1.7) +0.1 -0.4
1354.9 (-1.8)
vg (CoH3) 900.4 902.5 (+2.1)¢ 896.7 897.8 (+1.1) +0.8 +7.0
900.0 (—0.4)
v7 (CoH3) 687.6 686.0 684.7 681.8 +15 -1.6
684.7 (-1.6/+1.3)4 681.2 (=2.9/+0.6)4
v3 (COy) 2345.0 23422 2340.5 2339.0 +1.4 -1.8
23394 (-2.8/+2.8)4 2336.6 (-1.5/+2.4)
v2 (COy) 663.5 662.5 (—-1.0)° 660.5 661 (+0.5)° -13 -0.7
662.0 653.4 (-10.1)° 654.1 (-6.4) -13 94

2Experimental frequencies of the CO, monomer are from Ref. 39.

bTentative assignment.
“More intense band of the complex.

dShifts with respect to each component of the site-split band of the monomer.

€Shifts with respect to the more intense band of the monomer.
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additional BCPs for the C; structure of the complex corre-
sponding to local atomic interactions between the vinyl radical
and carbon dioxide, whereas the Cj structure reveals only one
additional BCP. This difference may explain the higher sta-
bility of the C; structure as compared to the C; structure.
The interaction energy of the C; structure of the CoHj3- - - CO;
complex is comparable with that of the most stable (parallel)
structure of the CoH- - - CO, cornplex.26

The structural assignment of the experimental species
is not straightforward because of rather small shifts of the
observed vibrational bands (Table II). Matrix-site splitting of
the experimental bands further complicates the comparison.
For the C;H3 complex unit, the vs mode is not conclusive, the
vg mode is more suitable for the C; structure, and the v; mode
is more suitable for the C; structure. For the CO; unit, the
v3 mode is not conclusive, whereas the v, mode features the
C structure because of the band splitting and the significant
red shift of the stronger component. One should remember
that the calculations correspond to the complex in a vacuum,
whereas the experiment is performed in a polarizable medium.
The matrix effect on the complex structure may be responsi-
ble for some inconsistency between experiment and theory.
Importantly, the C; structure is similar to the structure of the
precursor CoHj- - - CO, complex produced from PA (parallel
geometry),”’ so its formation presumably requires a relatively
small rearrangement of the complex units and matrix surround-
ing. Moreover, the C; structure is computationally more stable
than the C; structure. There are no clear reasons for a strong
structural rearrangement of the system (complex units and
matrix) to the less stable C, structure. Thus, the C; structure is
the most probable candidate for the experimental C;H3- - - CO,
complex.

SUPPLEMENTARY MATERIAL

See supplementary material for the contraction scheme of
the L2a basis set, the effects of BSSE and ZPVE corrections
on the interaction energies in the C;Hs- - - CO, complex, and
the structure of C;H3; and CO, monomers. Cartesian atomic
coordinates, total energies, and critical points of the electronic
density for the Co;H3- - - CO, complexes and C,Hj3 and CO,
monomers are also reported.
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