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The properties of C−H vibration softening for CH2 and CH3 radicals absorbed on Cun

(n=1−6) clusters have been investigated, using the density functional theory with hybrid
functional. The results indicate that the absorption of CH2 on Cu clusters is stronger than
the case of CH3. The vibrational frequencies of C−H bonding agree with the experimental
results obtained for CH2 and CH3 absorbed on Cu(111). With the increase of cluster size,
the softening (Einstein shift) of C−H vibrational modes become stronger.
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I. INTRODUCTION

The adsorption is used more and more widely with
in-depth understanding the nature and mechanism of
adsorption phenomena, and the adsorption maybe lead
to a hot study on hydrogen storage [1, 2]. The adsorp-
tion behavior of small molecules and radicals in tran-
sition metal clusters gains the attention of researchers,
the studies that CHn (n=1, 2, 3, 4) small groups, CO
molecule, NO molecule, O2 molecules, and some large
organic molecules adsorbed on the metal have also been
reported [3−5]. Poveda et al. studied the adsorption en-
ergy of CHn (n=1, 2, 3) on Ni14 cluster by MINDO/SR
methods, the results shows that the order of adsorp-
tion energy is CH3<CH2<CH, and the electron trans-
ferred from metal to radicals [6]. Chan et al. investi-
gated the vibrational spectrum of CH2 and CH3 rad-
icals absorbed on Cu(111) using the High-resolution
electron energy loss spectroscopy, and determined the
vibrational band of CH2 and CH3 radicals absorbed on
Cu(111) through the analysis of vibrational spectrum
[7]. Michaelides et al. studied the softening of the C−H
vibrational frequency and dehydrogenation of CH3 ad-
sorbed on Cu(111), Ni(111), and Pt(111) using cluster
simulation metal solids and density functional theory
(DFT) methods [8]. Robinson et al. calculated the
absorption energy of CH3 adsorbed on Cu(111) using
DFT, the results showed that Cu−C atom distance was
very close to experimental results, but the distance of
Cu−C layer was more than the experimental results [9].
All of these studies limited the structure of metal ma-
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terial and simulated the metal surface 110 and 111 by
clusters. It is found that there is red shift (the Ein-
stein shift or vibration softening) of C−H bond stretch-
ing vibration modes for hydrocarbon absorbed on metal
surface, that is, the frequency of C−H vibrational fre-
quency is less than 2900 cm−1 [8, 10−14]. The red shift
is closely related to adsorption substrate, and increases
from left to right, top to bottom in elements periodic
table.

In this work, DFT was used to study the adsorption
properties of CH2 and CH3 on Cun (n=1−6) clusters,
that is, optimizing the geometries of adsorbed clusters,
calculating the C−H average bond lengths with increas-
ing cluster size. The change trend of C−H symmetric
stretching vibration frequencies was observed and com-
pared with the results of metal surface. Whether there
is softening for C−H bond symmetric stretching vibra-
tion frequencies or not, and the relationship of softening
on C−H bond were estimated. The information and re-
sults are not enough to reveal the essence and the mech-
anism of softening, but at least provide a powerful data
evidence for the future research work.

II. CALCULATION METHODS

The calculation were carried out by DFT of Becke
three parameters exchange function and Lee-Yang-Parr
of correlation function hybrid density functional B3LYP
[15]. Heavy atoms Cu used double ζ covalence basis
set and Los Alamos relativity effective core potential
(RECP), namely LANL2DZ [16]. The basis sets are
corrected by the scalar relativistic through the effective
nuclear potential, and they are suitable for the heavy
elements. Due to the relativistic effect, there is a hybrid
interaction between the inner d electron and the outer
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TABLE I The bond lengths of CH2 and CH3 radicals adsorbed on Cun (n=1−6) obtained by B3LYP.

CH2-Cun CH3-Cun (CH3)2-Cun

RCu−C/Å RC−H/Å RCu−C/Å RC−H/Å RCu−C/Å RC−H/Å

n=1 1.867 1.088 1.923 1.091 1.983 1.090

1.983

n=2 1.898 1.091 1.960 1.091 1.940 1.096

1.898 1.992

n=3 1.928 1.092 1.960 1.094 2.046 1.099

1.929 2.046

n=4 1.982 1.100 2.114 1.097 2.059 1.100

2.113 2.171 2.059

n=5 2.014 1.094 2.114 1.098 2.032 1.099

2.014 2.133 2.046

n=6 1.972 1.099 2.111 1.098 2.047 1.099

2.040 2.138 2.047

Cu(111)-CH3 2.22±0.02 [18] 1.100a

1.99a

1.98a

a C−Cu bond length is layer spacing [9].

s electron of Cu atom, resulting in some dispersion in
orbits. The dispersion will induce that the inner elec-
tronic nuclear shield effect becomes weaker, so the outer
s electron closes to the nuclear area and the energy be-
comes lower. The combined result of these two effects
decreased Cu atomic radius, and reduced the total en-
ergy of the system. 6-311++G(3d,f) full electronic base
set, which contain polarization and dispersion function,
can be a better description C and H. The calculation
of spin contamination is neglected. The structures are
optimized and the frequencies are analyzed, there is no
imaginary frequency, which indicate that the optimized
geometries are obtained at the minima of the energy
cure, not the transition state or higher order saddle
points. The calculation are processed by the Gaussian
03 package [17].

III. RESULTS AND DISCUSSION

When CH2 and CH3 radicals are adsorbed on Cun

(n=1−6) clusters, the C−H bond length is increased
for those clusters compared to CH2 and CH3 radicals
itself, as shown in Table I. With the increasing of the
Cu atoms, C−H bond length is increasingly close to
the value of CH3 adsorbed onto Cu(111) surface [9].
When the adsorption occurs, the distances of C to two
Cu atoms are equal for CH2-Cu2 and CH2-Cu5, but
the distances are irregular in others cases. With the
increasing of clusters size, C−Cu bond length increases
except CH2-Cu5, CH2-Cu6, CH3-Cu5, and (CH3)2-Cu5.
Ni−C bond length is 1.904 Å for CH2 and CH3 radicals
adsorbed on Ni14(100) faces [6], Cu−C bond length is
smaller than this value only for CH2-Cu and CH2-Cu2

clusters, while the other bands are greater than the
value. The height of CO molecules adsorbed on Cu
cluster is between 2.42 and 3.75 Bohr (1 Bohr=0.53 Å)
[5], while our calculation revealed that the distance from
Cu to C is larger than this value, indicating that the in-
teraction of CH2 and CH3 radicals with Cu is weaker
than the CO molecule.

Figure 1 shows the dependence of C−H average bond
length and C−H symmetric stretching vibration fre-
quency on the clusters size for CH2-Cun, CH3-Cun,
and (CH3)2-Cun (n=1−6) clusters. It can be seen that
the trends of C−H average bond length and stretch-
ing vibration frequency are just opposite, the longer
the bond length, the smaller the stretching vibration
frequency; and the larger the clusters the smaller the
C−H symmetric stretching vibration frequency. C−H
average bond length is reduced for n=5 compared to the
two neighboring clusters in CH2-Cun and (CH3)2-Cun

(n=1−6) system, and C−H symmetric stretching vi-
bration frequency is higher than the neighboring clus-
ters. In CH3-Cun (n=1−6) system, C−H average bond
length increases, the corresponding C−H symmetric
stretching vibrational frequencies decrease. For two
CH3 radicals absorbed on Cun (n=1−6) clusters, there
are two sets C−H symmetric stretching vibrational fre-
quencies, one is less than 1200 cm−1, and the other
is more than 2800 cm−1. In this work, the red shift
(the Einstein shift or vibration softening) is compared
to CH4, therefore the second set frequencies are con-
sidered. The trends of C−H bond length and C−H
symmetric stretching vobrational frequency are similar
to CH2-Cun (n=1−6) and CH3-Cun (n=1−6) systems,
the average C−H bond length increases with the in-
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FIG. 1 The dependence of C−H average bond length and
C−H symmetric stretching vibration frequency on the clus-
ters size for (a) CH2-Cun, (b) CH3-Cun, and (c) (CH3)2-Cun

(n=1−6) systems. Triangles are bond lengths, squares are
frequencies.

creasing of clusters size, and C−H symmetric stretching
vobrational frequency decreases with the increasing of
clusters size.

For hydrocarbons adsorbed on metal surface, the cri-
terion of C−H bond softening is considered as CH4

molecules with the theoretical results of 2997 cm−1 and
experimental results of 2917 cm−1. Table II lists the
comparison between theoretical results and experimen-
tal results for C−H symmetric stretching vibrational
frequency red shift when CH2 and CH3 are adsorbed on
Cun (n=1−6) clusters and other metal surfaces. The re-
sults of comparison can just interpret the deviation be-
tween our calculation and experimental measurement,

TABLE II The red shift for C−H symmetrical stretching vi-
bration frequency in CH2-Cun, CH3-Cun, and (CH3)2-Cun

(n=1−6) and hydrocarbons on metals surface.

Frequency red shift/cm−1

Theory Experiment

CH2-Cu 33 −47

CH2-Cu2 58 −22

CH2-Cu3 75 −5

CH2-Cu4 97 17

CH2-Cu5 72 −8

CH2-Cu6 128 48

CH3-Cu 81 1

CH3-Cu2 85 5

CH3-Cu3 106 25

CH3-Cu4 140 60

CH3-Cu5 149 69

CH3-Cu6 146 6

(CH3)2-Cu 86 6

(CH3)2-Cu2 109 29

(CH3)2-Cu3 159 79

(CH3)2-Cu4 183 103

(CH3)2-Cu5 156 76

(CH3)2-Cu6 167 87

CH3/Cu(111) [8] 137 (fcc) 127

50 (top)

CH3/Ni(111) [8] 267 (fcc) 262

CH3/Pt(111) [8] 293 (fcc)

42 (top) 32

Alkyl/Ag(111) [19] 13 (CH3CH2)

11 (CH2CH3)

82 (CH2CF3)

CH3O/Cu(100) [20] 172 112

Ethyl/Pt(111) [21] 1 (CH2)

68 (CH3)

CH3/Ni(111) [21, 22] 31 (3-fold)

96 (Titled)

62 (3-fold)

1,4-dioxane/Cu(100) [23] ∼60 (CH2)

and whether the theoretical data obtained is valid or
not. Whether the theoretical value can be compared
with experimental data and explain the problem, it is
an effective way of data processing between the experi-
mental and theoretical calculations.

In this work, only comparatively simple discussion for
the theoretical calculations is considered. In general, it
can be considered that the softening did not occur in
metal surfaces when the red shift of C−H stretching vi-
bration frequency is smaller than 50 cm−1 [12]. The
intensity of the red shift for C−H stretching vibration
frequency depended on sites and type of adsorption.
The red shift of the position, which is most prone to
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lead to the chemical adsorption is greater than the other
location or physical adsorption position. Although the
system which we studied is not a surface, the red shift
of C−H stretching vibration frequency obtained in our
calculation increases with the size of cluster, only a red
shift in the CH2-Cu is less than 50 cm−1. The red shift
in CH2 adsorption system increased from 33 cm−1 to
128 cm−1, from 80 cm−1 to 149 cm−1 in CH3 adsorp-
tion system and from 109 cm−1 to 183 cm−1 in two CH3

radicals adsorbed on Cu clusters. It is less than the red
shift values of hydrocarbons adsorbed on Cu(111) and
Cu(100) surface of 137 cm−1 [8] and 172 cm−1 [20], and
also less than the values of CH3 adsorbed to Ni(111)
267 cm−1 and Pt(111) 293 cm−1 [8], which indicates
that the softening degree of C−H for CH2 and CH3 ad-
sorbed on Cu cluster relaxes on the Ni(111) and Pt(111)
surface. Our calculated results of the red shift is greater
than that of Schule et al. [22] and Yang et al. [24]
who calculated CH3 adsorbed on Ni(111). This devi-
ation may be attributed to the different density func-
tional methods and distinction between small cluster
and metal surface. The red shift of the C−H stretch-
ing vibration for alkyl adsorption on Ag(111) should be
smaller than our results, which indicate that the soft-
ening degree of CH2 and CH3 adsorbed on Cu cluster
is stronger than alkyl adsorbed on Ag(111).

The dependence of C−H symmetric stretching soft-
ening of the theoretical and C−H average bond length
on the clusters size is given in Fig.2. When CH2 and
CH3 adsorbed on the Cun (n=1−6) clusters, the trend
of redshift on C−H symmetric stretching is the same as
C−H average bond length: the longer the C−H aver-
age bond length, the greater the red shift of the C−H
stretching vibration frequency. Adsorption always oc-
curs first in the location with higher energy and greater
activity, and then turns to the low-energy and low ac-
tivity position. Moreover, the red shift of the position
which is most prone to occur the chemical adsorption
is bigger than others. It is found that the red shift
of C−H symmetric stretching vibration frequency in-
creases with the increasing of cluster size expect CH2-
Cu5 and (CH3)2-Cu5. It can be concluded that the
absorption of CH2 and (CH3)2 on Cu5 clusters is physi-
cal adsorption, and chemisorptions in the other clusters.
Combined with the previous study of stability structure
[25], it can be found that in the CH2-Cun (n=1−6), the
chemical absorption in Cu4 and Cu6 clusters makes the
original clusters structure change, and this change leads
to C−H symmetric stretching vibrational frequency red
shift and C−H bond length decreasing for n=5. The
trends of red shift for the C−H symmetric stretching
vibration frequency and the C−H average bond length
are exactly same in CH3 adsorbed on Cun (n=1−6)
clusters, so the adsorption type of CH3 on Cu clus-
ters is single chemical adsorption. When hydrocarbons
adsorbed on metal surfaces, the quantum state analy-
sis reveals that there is an interaction between C−H
bond and metal atoms, this interaction is essentially a

FIG. 2 The dependence of C−H average bond length and
C−H symmetric stretching softening on the clusters size for
(a) CH2-Cun, (b) CH3-Cun, and (c) (CH3)2-Cun (n=1−6)
systems. Triangles are bond lengths, squares are redshifts.

mixture of bonding orbital e1 of C−H bond with the
metal atom d orbital. And it is the physical source of
softening for C−H symmetric stretching vibrational fre-
quency, the longer the C−H bond length, the weaker the
C−H bonding. So it can be concluded that the inter-
action of the bonding orbital e1 of C−H bond with the
metal atom d orbital in CH2-Cun (n=1−6) is stronger
than CH3 absorbed on Cu clusters, which coincides with
previous studies of NPA analysis for CH2 and CH3 ad-
sorbed on Cu clusters [25]. In other words, the charge
transfers from the metal Cu cluster to CH2 and CH3

radicals, and the number of charge transferring to CH2

is greater than to CH3 from metal atoms.

IV. CONCLUSION

The softening nature of the symmetric stretching fre-
quency of C−H bonds in CH2 and CH3 radicals ad-
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sorbed on Cun (n=1−6) clusters has been calculated,
using the hybrid density functional theory method. Ad-
sorption of CH2 radical on Cu cluster is easier to be
found than that of CH3 radical, and the red shift
of C−H symmetric stretching vibrational frequency in
CH2-Cun is smaller than in CH3-Cun and (CH3)2-Cun

(n=1−6). With the increasing of the cluster size, the
red shift of the C−H symmetric stretching vibrational
frequency is more and more obviously, and the trends
are similar to the trend of charge transfer from metal
atoms to radicals.
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