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and computational study of the
HKrCCH/HCCH complex†

Knut Willmann,a Thomas Vent-Schmidt,a Markku Räsänen,b Sebastian Riedelac

and Leonid Khriachtchev*b

The HKrCCH/HCCH complex is identified in a Kr matrix with the H–Kr stretching bands at 1316.5 and 1305

cm�1. The monomer-to-complex shift of the H–Kr stretching mode is about +60 cm�1, which is

significantly larger than that reported previously for the HXeCCH/HCCH complex in a Xe matrix (about

+25 cm�1). The HKrCCH/HCCH complex in a Kr matrix is formed at �40 K via the attachment of

mobile acetylene molecules to the HKrCCH monomers formed at somewhat lower annealing

temperatures upon thermally-induced mobility of H atoms (�30 K). The same mechanism was

previously proposed for the formation of the HXeCCH/HCCH complex in a Xe matrix. The assignment

of the HKrCCH/HCCH complex is fully supported by the quantum chemical calculations. The

experimental shift of the H–Kr stretching mode is comparable with the computational predictions

(+46.6, +66.0, and +83.2 cm�1 at the B3LYP, MP2, and CCSD(T) levels of theory, respectively), which are

also bigger that the calculated shift in the HXeCCH/HCCH complex. These results confirm that the

complexation effect is bigger for less stable noble-gas hydrides.
Introduction

Noble-gas hydrides represent interesting chemistry at low
temperatures.1 These molecules have the general formula HNgY
where Ng is a noble-gas atom and Y is an electronegative frag-
ment. Noble-gas hydrides are conventionally studied by matrix-
isolation IR spectroscopy, which is helped by the very high
absorption intensity of the H–Ng stretching mode. The typical
method of preparation includes photolysis of the HY precursor
in an Ng matrix and consequent annealing of the matrix, which
mobilizes the fragments (usually H atoms) and leads to the
diffusion-controlled reaction H + Ng + Y/HNgY. As suggested
by quantum chemical calculations, all experimentally found
HNgY molecules are lower in total energy than the H + Ng + Y
asymptote.2 One signicant result was the preparation of
uorine-free organo-noble-gas molecules, the rst representa-
tives of which were HXeCCH and HKrCCH.3–5

The HNgY molecules are relatively weakly bound and have
large dipole moments, and this ensures a large effect upon
interaction with other species.6 Another interesting feature of
these interactions is a blue shi of the H–Ng stretching mode,
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as a rule observed in these experiments and predicted theoret-
ically. This blue shi is explained by the complexation-induced
enhancement of the charge separation (HNg)+Y�.6 A good
number of HNgY complexes have been identied in matrices
(see, for example, ref. 7–16) and much more structures have
been studied computationally (see, for example, ref. 17–26).

The complexation effect becomes larger for less stable
molecules as it has been demonstrated for a number of HXeY
molecules with different Y groups, for example, for HXeCl,
HXeBr, and HXeI interacting with water.16 The same trend is
observed for HNgY molecules with the same Y and different Ng
atoms. For example, interaction with nitrogen produces a larger
effect on HArF than on HKrF,8 and interaction with HCl and
nitrogen affects the properties of HKrCl more than the prop-
erties of HXeCl.8,10,11,13 The experimental spectroscopic data are
consistent with the quantum chemical calculations.6–16

The studies of 1 : 1 HNgY/M complexes are connected to
the possibility to stabilize the HNgY molecule in the M
medium.27 It is also possible that the complex units can react
with each other or the interaction can destabilize the HNgY
molecule. For example, the calculations show that the interac-
tion with several water molecules destabilizes HXeOH.7 On the
other hand, HXeCCH is predicted to be stable in acetylene
clusters,28 and the complexes of HXeCCH with one and two
HCCH molecules have been identied in a Xe matrix.12

In the present work, we study the HKrCCH/HCCH complex
to enlarge the amount of these interesting complexes identied
experimentally. To our best knowledge, only a couple of
computational works on the complexes of HKrCCH exist.
RSC Adv., 2015, 5, 35783–35791 | 35783
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Table 1 Structural parameters (in pm) of acetylene, HKrCCH, and HKrCCH/HCCH at different levels of theorya,b

Species Bond B3LYPb MP2b CCSD(T)

HCCH CH 106.2 105.9 106.1
CC 119.7 120.9 120.7

HKrCCH H–Kr 159.6 158.5 162.0
Kr–C 228.0 222.2 226.3
CC 121.1 122.6 122.3
CH 106.4 106.2 106.4

HKrCCH/HCCHc,d H–Kr 158.1 (158.1) 156.3 (156.6) 159.3
Kr–C 230.2 (230.1) 224.5 (224.2) 228.2
CC 121.3 (121.3) 122.8 (122.8) 122.4
CH 106.4 (106.4) 106.3 (106.3) 106.4
CKrHcoord1 260.6 (261.5) 243.7 (250.9) 250.5
Hcoord1Ccoord1 106.8 (106.8) 106.6 (106.5) 106.8
Ccoord1Ccoord2 119.8 (119.8) 121.1 (121.0) 120.9
Ccoord2Hcoord2 106.2 (106.2) 106.0 (105.9) 106.2

a The indices indicate neighbouring atoms or numbering in the coordinated acetylene unit. b The basis set is def2-TZVPP. c The values in
parenthesis are aer the BSSE correction. d The C/H–C angle is 147.6� (147.9�) (B3LYP), 142.0� (140.7�) (MP2) and 142.4� (CCSD(T)).

Table 2 Natural population charges (in elementary charges) of acet-
ylene, HKrCCH, and HKrCCH/HCCH at the B3LYP and MP2 levels of
theorya,b

Species Atom B3LYP MP2

HCCH H 0.230 0.228
C �0.230 �0.228

HKrCCH HKr �0.006 0.005
Kr 0.547 0.639
CKr �0.392 �0.491
C �0.367 �0.366
H 0.218 0.213

HKrCCH/HCCH HKr 0.018 0.042
Kr 0.552 0.645
CKr �0.408 �0.513
C �0.375 �0.379
H 0.219 0.215
Hcoord1 0.251 0.261
Ccoord1 �0.229 �0.223
Ccoord2 �0.256 �0.268
Hcoord2 0.227 0.227

a The indices indicate neighboring atoms or numbering in the
coordinated acetylene unit. b The basis set is def2-TZVPP.
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Alkorta and Elguero studied interaction of HKrCCH with HF
and HCl,17 and Mondal and Singh calculated the complexes of
HKrCCH with H2O, NH3, CH3OH and CH3NH2,26 both at the
MP2 level of theory. The case of HKrCCH is remarkable because
this molecule has the weakest bonding among hydrides of Kr as
judged by the lowest H–Kr stretching frequency, and it is
interesting to test chemical stability of this complex and the
magnitude of the complexation effect. The comparison with the
previously identied HXeCCH/HCCH is also of interest. The
experimental spectroscopic studies in a Kr matrix are supported
by calculations at the B3LYP, MP2, and CCSD(T) levels of theory.

Quantum-chemical calculations

The molecular structures have been optimized using density
functional theory with the B3LYP functional as implemented in
the Gaussian package,29–31 as well as the second-order pertur-
bation theory (MP2) and the coupled-cluster CCSD(T) theory.
For the DFT and MP2 calculations, the Gaussian09 program
package is used.29 The CCSD(T) calculations are performed with
the CFOUR program.32 For all atoms, the def2-TZVPP basis sets
are used.33 Stationary points on the potential energy surface are
characterized by harmonic vibrational frequency analyses at the
used levels of theory. Anharmonic calculations are performed at
the CCSD(T) level of theory by the VPT2method implemented in
the CFOUR program. The bonding analysis is carried out with
the NBO 3.1 program implemented in the Gaussian09 program
package. The values are obtained at 0 K, which is quite close to
the conditions of the matrix experiments (4 K).

The parameters of the optimized structures of acetylene and
HKrCCH are presented in Table 1. The bond distances of the
HKrCCH monomer agree with the previous MP2 calculations.5

The B3LYP functional shows a shorter H–Kr bond and a longer
Kr–C bond in HKrCCH compared with the CCSD(T) values. As
expected, the MP2 method leads to shorter bonds compared
with the CCSD(T) values. All methods result in a slightly longer
C^C bond for HKrCCH than in free acetylene. The total energy
35784 | RSC Adv., 2015, 5, 35783–35791
of the HKrCCH molecule is smaller than the sum of the H, Kr,
and CCH energies by 27.3 (B3LYP), 58.0 (MP2), and 8.1
(CCSD(T)) kJ mol�1 (ZPVE-corrected), which makes possible its
formation at low temperatures. The difference between the
formation energies is at least partially connected with difficul-
ties to calculate the total energy of the CCH radical.2

The calculated NPA charges are shown in Table 2. The
bonding in noble-gas hydrides is usually described in terms of
charge separation, namely (HKr)+(CCH)�.1 This bonding motif
is supported by the NPA charges which are +0.644e and �0.644e
(MP2) for the HKr and CCH parts, respectively. In addition, the
NBO analysis shows no bonding orbital for the Kr–C bond
(see Fig. S1 in ESI†). However, there is a strong donor–acceptor
interaction from a lone pair carbon orbital into the anti-
This journal is © The Royal Society of Chemistry 2015
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bonding orbital of the H–Kr bond which accounts for 290.0
(B3LYP) and 500.8 (MP2) kJ mol�1. These stabilization energies
are obtained by delocalization of the charge from the localized
occupied orbital into an empty orbital. The method is imple-
mented in the NBO analysis and has been described else-
where.34 Within this ionic picture, the elongation of the C^C
bond can be explained by the charge delocalization from the
formally negative C atom via the C^C bond.

The calculated frequencies of the acetylene and HKrCCH
monomers are given in Table 3. As for other noble-gas hydrides,
the H–Kr stretching mode possesses the strongest absorption,
and it will be considered in the analysis below. The H–Kr
stretching frequencies of the HKrCCH monomer calculated in
the harmonic approximation are 1650.5, 1601.9, and
1357.6 cm�1 at the B3LYP, MP2, and CCSD(T) levels of theory.
These frequencies are higher than the experimental value in a
Kr matrix having the strongest absorption at 1241.5 cm�1, and
the CCSD(T) result, as expected, is the closest to the experimental
Table 3 Calculated harmonic frequencies (in cm�1) of acetylene, HKrCC

Mode Symmetry B3LYP MP2

HCCH
n1

P
g 3518.1 (0) 3549.1

n2
P

g 3419.3 (90) 3456.0
n3

P
g 2071.4 (0) 1982.5

n4
Q

g 658.8 (0) 616.9 (0
n5

Q
u 770.2 (104) 766.4 (9

HKrCCH
n1

P
3445.3 (42) 3464.9

n2
P

2067.4 (3) 1967.2
n3

P
1650.5 (1441) 1601.9

n4
P

296.6 (150) 329.2 (1
n5

Q
679.6 (35) 703.5 (4

n6
Q

695.7 (16) 736.5 (6
n7

Q
119.8 (20) 133.2 (1

HKrCCH/HCCH
n1 A0 19.6 (2) 39.7 (2)
n2 A0 73.7 (1) 79.9 (1)
n3 A0 110.6 (1) 124.9 (3
n4 A0 139.8 (29) 165.4 (2
n5 A0 290.2 (136) 317.1 (1
n6 A0 680.7 (11) 642.7 (4
n7 A0 685.6 (7) 734.7 (5
n8 A0 698.0 (40) 709.6 (3
n9 A0 819.1 (105) 817.3 (1
n10 A0 1697.1 (1301) 1667.9
n11 A0 2058.1 (8) 1958.6
n12 A0 2060.5 (2) 1967.2
n13 A0 3361.0 (217) 3380.9
n14 A0 3441.6 (43) 3459.8
n15 A0 3492.9 (3) 3515.4
n16 A00 84.2 (1) 81.0 (0)
n17 A00 124.6 (19) 141.0 (1
n18 A00 676.2 (28) 634.4 (5
n19 A00 678.6 (8) 710.2 (3
n20 A00 691.6 (20) 736.6 (3
n21 A00 810.7 (84) 798.6 (8

a The def2-TZVPP basis sets is used for all atoms. b The intensities in par

This journal is © The Royal Society of Chemistry 2015
value. The anharmonic contributions have been evaluated at the
CCSD(T) level of theory, resulting in a frequency of 1125.5 cm�1,
which is lower than the experimental value. However, the
anharmonic value may make sense because it refers to the
molecule in vacuum whereas the experiment is performed in a
solidmatrix out of Kr atoms that have a relatively high interaction
with the guest molecule. It is therefore most likely that the
polarizable matrix enhances the charge separation in the mole-
cule, blue-shiing the H–Ng stretching mode. This effect is pre-
dicted for a number of HNgY molecules by the polarized
continuummodel,35DFT calculations in noble-gas clusters,36 and
hybrid quantum-classical simulations,37,38 although an opposite
opinion has been derived from the MP4 method.39

The optimized structure of the HKrCCH/HCCH complex is
presented in Fig. 1 and Table 1, and it is similar to the previous
calculations of the HXeCCH/HCCH complex.12 Interaction
with acetylene enhances the charge separation in HKrCCH,
which is similar to the previous results on the HNgY complexes.
H, and HKrCCH/HCCH at different levels of theorya,b

CCSD(T) Assignment

(0) 3513.7 (0) Sym. CH stretch
(95) 3415.3 (82) Asym. CH stretch
(0) 2007.1 (0) CC stretch
) 609.8 (0) Asym. CCH bend
5) 763.7 (94) Sym. CCH bend

(35) 3440.1 (36) CH stretch
(8) 2007.1 (1) CC stretch
(2190) 1357.6 (2262) Kr–H stretch
86) 310.5 (106) Kr–C stretch
1) 673.3 (9)
) 691.5 (38)
9) 136.8 (16)

34.8 (2)
78.7 (0)

) 118.1 (1)
7) 164.1 (24)
92) 305.5 (123) Kr–C stretch
) 633.4 (3)
) 680.3 (8)
7) 697.3 (36)
18) 810.5 (116)
(2018) 1440.8 (2205) Kr–H stretch
(9) 1995.7 (5) CC stretch
(4) 2001.2 (2) CC stretch
(207) 3361.0 (173) Asym. CH stretch in HCCH
(36) 3435.0 (37) CH stretch in HKrCCH
(5) 3487.7 (3) Sym. CH stretch in HCCH

79.9 (0)
9) 142.9 (17)
) 623.6 (5)
7) 680.7 (10)
) 698.0 (30)
0) 792.2 (79)

enthesis are in km mol�1.

RSC Adv., 2015, 5, 35783–35791 | 35785
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For example, the charge of the HKr part increases from +0.644e
to +0.697e (MP2). The complex formation leads to a slight
weakening of the Kr–C bond and a strengthening of the H–Kr
bond (the bond lengths change by +0.96 and �0.94%, respec-
tively). These changes are larger than the LMP2/AVTZ values
obtained for the corresponding bonds of the HXeCCH/HCCH
complex (+0.86 and �0.69%), which can be explained by a
stronger bonding in HXeCCH.

The interaction energy of the HKrCCH/HCCH complex
(CCSD(T)) obtained as a difference of the total energies of the
complex and the monomers is �16.2 kJ mol�1 (�13.4 kJ mol�1

aer ZPVE correction). The ZPE-corrected interaction energies
at the B3LYP and MP2 levels are �7.6 and �16.4 kJ mol�1 and
they are �7.2 and �13.4 kJ mol�1 aer BSSE corrections. In
comparison, the interaction energy of the HXeCCH/HCCH
complex was reported to be �14.9 kJ mol�1 (LMP2/AVTZ,
without ZPVE and BSSE correction).12 The interaction in the
HKrCCH/HCCH complex seems to be stronger than in the
HCCH dimer characterized by interaction energies of
�7.1 (B3LYP) and �3.8 (MP2) kJ mol�1.40 This difference is
probably explained by a large dipole moment of HKrCCH (3.47,
4.87, and 2.98 D at the B3LYP, MP2 and CCSD(T) levels), which
leads to the dipole–quadrupole interaction in the HKrCCH/
HCCH complex. It has been recently discussed that the
HKrCCH complexes with some molecules are stronger than the
corresponding HCCH complexes.26

The BSSE correction at the CCSD(T) level is expected to be of
the same order as for the MP2 calculation or slightly higher.
Neglecting the error leads to very small changes in the structure
of the complex (see Table 1), except for the distance to the
coordinating acetylene, which is substantially longer aer BSSE
correction. Therefore, the interaction is somewhat weakened
aer BSSE correction and the change of the interaction energy is
supposed to be similar to the ZPVE energy. However, our
assignment is based on the monomer-to-complex shi of the
H–Kr stretching frequency, and this frequency is only slightly
Fig. 1 Optimized structure of the HKrCCH/HCCH complex. The
structural parameters and the atomic charges at different levels of
theory are shown in Tables 1 and 2.

35786 | RSC Adv., 2015, 5, 35783–35791
changed by BSSE correction (by �2.0 and �7.1 cm�1 at the
B3LYP and MP2 levels). Since this correction does not change
the results signicantly, we will not further consider it.
Furthermore, the inuence of the entropy on the HKrCCH/
HCCH formation is expected to be quite small at cryogenic
conditions and accounts only for 2 kJ mol�1 at 40 K. On the
other hand, the entropic effect is not negligible at standard
conditions (298 K, 1 atm), for which the reaction enthalpy is still
calculated to be exothermic by �6.9 kJ mol�1 but the Gibbs
enthalpy is +14.3 kJ mol�1.

As the main spectroscopic ngerprint of the complex
formation, the calculated frequency of the H–Kr stretching
mode is increased, as typical for the HNgY complexes.6 The
harmonic monomer-to-complex frequency shi is +46.6, +66.0,
and +83.2 cm�1 at the B3LYP, MP2, and CCSD(T) levels of
theory, respectively. These spectral shis are signicantly larger
than the LMP2/AVTZ value reported by Domanskaya et al. for
the HXeCCH/HCCH complex (+34 cm�1).12 The intensity of the
H–Kr stretching mode somewhat decreases upon complexation
due to the increase of the positive charge of this part, and this is
also similar to the studies of other HNgY complexes.6

We also calculated the HKrCCH/(HCCH)2 complex at the
B3LYP andMP2 levels of theory. Its structure is similar to that of
the HXeCCH/(HCCH)2 complex reported previously
(see Fig. S2 in ESI†).12 The calculated H–Kr stretching frequen-
cies are 1741.9 (B3LYP) and 1737.3 (MP2) cm�1, which are
higher by 44.8 and 69.8 cm�1 than those of the HKrCCH/
HCCH complex. These shis are comparable with the
monomer-to-complex shis calculated for the HKrCCH/
HCCH complex. The interaction energy of HKrCCH/(HCCH)2
complex changes by �7.2 (B3LYP) and �16.5 (MP2) kJ mol�1

compared to that of HKrCCH/HCCH, which is similar to the
case of HXeCCH/(HCCH)2.

Experiment

The gas mixtures of acetylene ($99%) and krypton ($99.999%,
AGA) were made in a glass bulb with the HCCH/Kr concentra-
tion ratios of 1/300, 1/500, 1/1000, and 1/2000. The HCCH/Kr
matrices were deposited onto a CsI substrate at 20, 25, 27,
and 30 K in a closed-cycle helium cryostat (RDK-408D2, SHI).
Some matrices with the 1/300 concentration ratio were depos-
ited at 15 K. The IR absorption spectra in the 4000–600 cm�1

range were measured at 4.3 K with an FTIR spectrometer (Vertex
80V, Bruker) with 1 cm�1 resolution co-adding 500 scans. The
matrices were photolyzed by an excimer laser (MSX-250, MPB)
operating at 193 nm (�10 mJ cm�2). Typical percentage of the
decomposition of HCCH was 15–25% aer 1800 pulses. It
seems that the full decomposition of acetylene in a Kr matrix is
limited by the self-limitation of photolysis.41 This effect is
caused by species produced in the matrix during the photolysis
and absorbing the 193 nm light. The annealing-induced prod-
ucts were decomposed by light from a mercury lamp (254 nm)
and in some experiments with an argon-ion laser (488 nm).

Acetylene monomer has the strongest bands in a Kr matrix at
3293.3 and 3280.1 cm�1 (Fermi components of the CH
stretching mode) and at 732.2 cm�1 (CCH bending mode) as
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) HKrCCH in a Kr matrix in the H–Kr stretching region. The
upper curve is a difference FTIR spectrum showing the result of
annealing at 40 K of an HCCH/Kr (1/500) matrix deposited at 20 K and
photolyzed at 193 nm. The lower curve is a difference spectrum
showing the result of decomposition of HKrCCH by a mercury lamp.
The insert shows the enlarged bands in the 1323 to 1284 cm�1 region.
The bands assigned to the HKrCCH/HCCH complex aremarked by C.
The band marked by an arrow belongs to HKrC4H. The strong signal at
�1325 cm�1 is due to acetylene absorption. The spectra were
measured at 4.3 K. (b) The amount of HKrCCH molecules relative to
the initial amount of HCCH monomers for different deposition
temperatures and matrix ratios.
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reported previously.42 Acetylene dimer absorbs at 3278 and
3257 cm�1 and at 746 and 742 cm�1, which is consistent with
the experiments in an Armatrix reported by Golovkin et al.40 The
amount of higher aggregates of acetylene increase with the
acetylene concentration and deposition temperature.

193 nm light decomposes acetylene and produces CCH
radicals (doublet at 1842 and 1844 cm�1) and H atoms.
Presumably, CC molecules are also formed upon decomposi-
tion of CCH radicals; however, they are invisible for IR spec-
troscopy in a Kr matrix. The formation of KrHKr+ ions (852 and
1008 cm�1)43 and C4 molecules (1539 cm�1)44 is also observed
especially in matrices with higher acetylene concentrations and
for higher deposition temperatures. We did not obtain evidence
of the formation of the CCH/HCCH complex as a result of
photolysis, presumably indicating a negligible amount of this
species, and this is discussed later.

Upon thermal annealing above �25 K, H atoms globally
move in a Kr matrix45 and can react with the Kr + CCH centers
forming HKrCCH. This formation mechanism has been sup-
ported by electron paramagnetic resonance experiments.46

HKrCCH has the main H–Kr stretching bands at 1241.5, 1249.5,
and 1257 cm�1 (Fig. 2a), the CH stretching band at 3290 cm�1,
and the CCH bending band at 610 cm�1.5 Other annealing
products are C2H3 (1353.2 and 896.6 cm�1)47,48 and C4H
(2055.2 cm�1)49 formed in the H + HCCH and H + C4 reactions,
respectively. In addition, the amount of CCH radicals increases
as a result of annealing (typically by 30–50%), indicating the H +
CC reaction. It is worth noting that no recovery of CCH is
observed in similar experiments in a Xe matrix, which is due to
the formation of HXeCC,3 whereas HKrCC is unstable. The
HKrCCH bands are easily decomposed by UV light from a
mercury lamp (Fig. 2a) and more slowly by 488 nm light. These
“decomposition” spectra are mainly used in the analysis
because they are less affected by other species present in the
matrix compared to the “annealing” spectra. The amount of
CCH radicals increases when HKrCCH is decomposed
(by �10%), which supports this assignment.

The H–Kr stretching bands of HKrCCH show an extensive
structure (Fig. 2a); in addition to the main bands at 1241.5,
1249.5, and 1257 cm�1, a number of weaker bands appear in the
region around 1220 cm�1. These bands have the same intensity
ratio in different experimental conditions (HCCH/Kr concen-
tration ratio and deposition temperature), and they have been
assigned to the HKrCCH monomer in various matrix sites.5

Fig. 2b presents the amount of HKrCCH normalized by the
amount of acetylene monomer aer deposition for different
deposition temperatures andmatrix ratios. There are numerous
experimental difficulties that make this analysis somewhat
uncertain; however, the main trends can be understood. For
HCCH/Kr ¼ 1/300, the deposition temperature has a small
effect on the relative amount of HKrCCH aer photolysis and
annealing whereas the difference becomes bigger for lower
acetylene concentrations. The relative amount of HKrCCH is
smaller for deposition at 20 K, and it seems to be maximal for
�27 K.

Two additional bands, also originating from HKrCCH, are
observed at 1316.5 and 1305 cm�1 (Fig. 2a). These bands are
This journal is © The Royal Society of Chemistry 2015
easily bleached by light from a mercury lamp with the efficiency
similar to that of the HKrCCH monomer bands. These bands
are assigned to the HKrCCH/HCCH complex (a band at
1291 cm�1 marked with an arrow is discussed below). The
bands at 1316.5 and 1305 cm�1 are much weaker than the
HKrCCH monomer bands; however, they are reproducible and
reliably identied in the decomposition spectra (see the insert
in Fig. 2a). The intensity of these bands, relative to the HKrCCH
monomer bands, changes in different experiments. In partic-
ular, the HKrCCH monomer appears at annealing somewhat
below 30 K whereas the HKrCCH/HCCH complex is formed for
annealing at higher temperatures (Fig. 3a). This fact suggests
that the complex is formed by attaching thermally mobilized
acetylene molecules to the HKrCCH monomers. The thermally-
RSC Adv., 2015, 5, 35783–35791 | 35787
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Fig. 3 Effect of the annealing temperature. (a) Decomposition spectra
in the H–Kr stretching region for HCCH/Kr (1/1000) matrices depos-
ited at 20 K and annealed at 30 and 40 K (two different experiments).
The bands of HKrCCH are equalized for better presentation. The
HKrCCH/HCCH bands are marked by C. The matrices were first
photolyzed at 193 nm. (b) Difference spectra (annealing minus
photolysis) in the acetylene stretching region for HCCH/Kr (1/1000)
matrices deposited at 20 K and annealed at 30 and 40 K (the same
matrix). Also shown a spectrum for an HCCH/Kr (1/1000) matrix
deposited at 27 K and annealed at 40 K. The spectra were measured at
4.3 K.

Fig. 4 Effect of the deposition temperature. (a) Decomposition
spectra in the H–Kr stretching region for HCCH/Kr (1/1000) matrices
deposited at 20 and 27 K and annealed at 40 K. The HKrCCH/HCCH
bands are marked by C. The band of HKrC4H is marked by an arrow.
The matrices were first photolyzed at 193 nm. The bands of HKrCCH
are equalized for better presentation. (b) Spectra in the acetylene
stretching region for HCCH/Kr (1/1000) matrices measured after
deposition at 20 and 27 K. The bands of acetylene dimer are marked by
dots. The insert shows the amount of HKrC4H (normalized by the
amount of HKrCCH) versus the amount of acetylene dimers
(normalized by the amount of acetylene monomers). The data are
obtained for different deposition temperatures and HCCH/Kr
concentration ratios (up triangles with 1/2000; stars with 1/1000;
circles with 1/500; down triangles with 1/300). The spectra were
measured at 4.3 K.
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induced mobility of acetylene in the matrix is evidenced by the
formation of acetylene agglomerates under these experimental
conditions (Fig. 3b). In these experiments, we did not nd
bands suitable for the HKrCCH/(HCCH)2 complex. The
amount of this trimer should be very small and the present
signal-to-noise ratio is not sufficient for its identication.

The formation of the HKrCCH/HCCH complex is found to
be less efficient in matrices deposited at temperatures higher
than 20 K (Fig. 4a). In accord with the proposed formation
mechanism, the mobility of acetylene is found to be less
extensive for deposition at the higher temperatures (Fig. 3b).
The mechanism of mobility of acetylene in a Kr matrix is
unknown. It can be speculated that it involves matrix defects
similarly to mobility of species in various solids (vacancy-
assisted diffusion).50–53 For higher-temperature deposition, the
matrix has less defects, which may slow down the mobility of
acetylene. In addition, the attaching of acetylene to HKrCCH
35788 | RSC Adv., 2015, 5, 35783–35791
may also be less efficient in more compact matrix
morphologies.

It is seen that for deposition at higher temperature, an
additional band at 1291 cm�1 rises aer photolysis and
annealing (Fig. 4a). It is practically absent in matrices deposited
at 15 and 20 K and its intensity relative to the HKrCCH mono-
mer bands tends to increase with the deposition temperature.
This band appears together with the HKrCCH monomer bands
upon annealing above�25 K and its intensity saturates together
with the HKrCCH monomer bands upon annealing at �30 K;
thus, its formation is connected with the thermal mobility of H
atoms. Annealing at higher temperatures (35 and 40 K) does not
increase this band, similarly to the HKrCCH monomer bands.
The 1291 cm�1 band is bleached by light from a mercury lamp.
This journal is © The Royal Society of Chemistry 2015
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The analysis shows that the relative intensity of the
1291 cm�1 band correlates well with the amount of acetylene
dimers observed aer matrix deposition (Fig. 4b and the insert).
Based on this concentration dependence, the 1291 cm�1 band
might be thought to belong to the HKrCCH/HCCH complex
formed from the CCH/HCCH complex, i.e. by the formation
mechanism of most of the HNgY complexes.6,54 However, we
cannot assign the 1291 cm�1 band to the HKrCCH/HCCH
complex. Instead, this band presumably originates from
HKrC4Hmolecules formed in the H + Kr/C4H reaction.55 When
the 1291 cm�1 band is strong enough, we can see the weak
satellites at 1317, 1307.5, and 1275.5 cm�1 previously also
assigned to HKrC4H. It should be noted that C4H radicals are
not formed upon photolysis, in contrast to CCH radicals. This
fact can be connected with their efficient photodecomposition
at 193 nm. Instead, C4H radicals (2055 cm�1) are formed upon
thermally-induced mobility of H atoms in the H + C4 reaction
and their concentration increases in matrices with higher
concentration of acetylene dimers.

One additional factor may be important for the relative
decrease of the HKrC4H amount in matrixes deposited at low
temperatures. The formation of HKrC4H requires reaction of
twomobile H atoms with a Kr/C4 center, i.e. losses of H atoms
are crucial for its formation. It follows that various defects in the
matrix can strongly decrease the amount of annealing-produced
HKrC4H molecules as discussed elsewhere for some other
noble-gas hydrides.56 The formation efficiency of HKrCCH is
smaller for deposition at 20 K when a matrix contains more
defects (Fig. 2b), and this effect should be even stronger for
HKrC4H. For HCCH/Kr ¼ 300, the deposition temperature does
not affect much the concentration of HKrCCH (Fig. 2b), which
means that the high precursor concentration also reduces the
efficiency of H-atommobility.56 This explains why the amount of
HKrC4H is not maximal for the highest acetylene concentration
(insert in Fig. 4b).

Concluding discussion

In the present work, we have identied the HKrCCH/HCCH
complex with the H–Kr stretching bands at 1316.5 and
1305 cm�1. The monomer-to-complex shi of the H–Kr
stretching mode is�60 cm�1 if the distances from the strongest
monomer bands are averaged. This monomer-to-complex shi
is signicantly larger than that reported previously for the
HXeCCH/HCCH complex (�25 cm�1),12 which is most prob-
ably connected with weaker bonding of HKrCCH. The
HKrCCH/HCCH complex is formed at �40 K presumably via
the attachment of mobile acetylene molecules to the HKrCCH
monomers formed at somewhat lower annealing temperatures
(�30 K). This mechanism is supported by the simultaneous
increase of the amounts of the HKrCCH/HCCH complexes and
acetylene agglomerates upon annealing. The HKrCCH/HCCH
complex is obtained in quite small amounts, which prevents us
from identication of other vibrational transitions with lower
absorption intensity, which is actually typical for experiments
on HNgY complexes.6 The weak signals are also the reason why
the HKrCCH/(HCCH)2 complex is not found in the present
This journal is © The Royal Society of Chemistry 2015
study. The preparation of the HKrCCH/HCCH complex from
acetylene dimers has failed. When a deposited matrix contains
a considerable amount of acetylene dimers, the amount of
HKrCCH/HCCH complexes decreases and HKrC4H is formed
instead as a result of photolysis and annealing.

The same formation mechanism was previously proposed
for the HXeCCH/HCCH complex.12 Xe matrices containing
mainly monomeric acetylene were photolyzed at 193 nm.
Annealing at �40 K mobilizes H atoms in a Xe matrix and leads
to the formation of HXeCCH monomers. Annealing above 50 K
mobilizes acetylene molecules, which produces the HXeCCH/
HCCH complex. Similarly to the present experiments, in
HCCH/Xe matrices containing acetylene dimers, photolysis and
annealing did not lead to the formation of the HXeCCH/
HCCH complexes, and this indirectly supports our present
assignment.

It is interesting that 193 nm photolysis of acetylene dimers in
Kr and Xe matrices does not lead to the CCH/HCCH
complexes required for the formation of the HNgCCH/HCCH
complexes upon thermally-induced mobility of H atoms.6,54 The
negligible amount of the CCH/HCCH complex aer UV
photolysis can be connected with in-cage photochemical reac-
tions. If the photogenerated H atom remains in the cage, it can,
in addition to the recovery of acetylene, lead to unwanted
reactions. It should be reminded that the cage exit probability of
an H atom is presumably very small because of the small excess
energy available in 193 nm photolysis of acetylene (#0.7 eV).
Indeed, for photolysis of HCl in a Kr matrix with excess energy
of 3 eV, the cage exit probability is only 5%.57 The important role
of in-cage reactions is supported by the experiments with
HCCH/Xe/Kr matrices, in which the amount of the CCH/Xe
complex aer UV photolysis was quite detectable, and the
amount of HXeCCH in a Kr matrix aer annealing at 30 K was
comparable to that of HKrCCH.58

The assignment of the 1316.5 and 1305 cm�1 bands to the
HKrCCH/HCCH complex is fully supported by the quantum
chemical calculations. The experimental shi of the H–Kr
stretching mode (about +60 cm�1) is comparable with the
computational predictions (+46.6, +66.0, and +83.2 cm�1 at the
B3LYP, MP2, and CCSD(T) levels of theory, respectively). Both
theoretically and experimentally, this spectral shi is signi-
cantly larger than the values previously obtained for the
HXeCCH/HCCH complex whereas the calculated structures
and interaction energies are similar. This conrms that the
complexation effect is bigger for less stable HNgY molecules.
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