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The copper-monomethylamine and-dimethylamine complexes were produced in a supersonic jet and
examined using single-photon zero kinetic energy (ZEKE) photoelectron spectroscopy and theoretical
calculations. The adiabatic ionization potentials (I.P.) of the complexes and vibrational frequencies of the
corresponding ions were measured from their ZEKE spectra. The equilibrium geometries, binding energies,
and vibrational frequencies of the neutral and ionized complexes were obtained from MP2 and B3LYP
calculations. The observed vibrational frequencies of the ionic complexes were well-reproduced by both
calculations, whereas the Franck-Condon intensity patterns of the spectra were simulated better by MP2
than B3LYP. The observed I.P. and vibrational frequencies of the Cu-NHn(CH3)3-n (n ) 0-3) complexes
were compared, and methyl substitution effects on their ZEKE spectra were discussed.

Introduction

Interaction between a copper atom/ion and an ammonia
molecule is among the most extensively studied gas phase
metal-molecule interactions. Copper-ammonia binding ener-
gies have been experimentally measured using high-pressure
mass spectrometry,1,2 collision induced dissociation,3 reaction
kinetics,4 and photodissociation spectroscopy.4 Infrared5 and
electron spin resonance6 spectroscopies have been used to probe
copper-ammonia complexes isolated in Ar matrixes. Recently,
we have observed the zero kinetic energy (ZEKE) photoelectron
spectra of the CuNH3 and CuND3 complexes,7 which revealed
their ionization potentials (I.P.) and vibrational structures in the
ionized complexes. There have also been a large number of
theoretical studies on structures, binding energies, and vibra-
tional frequencies of the copper atom/ion-ammonia com-
plexes.8-15

It has been known that substitutions for hydrogen atoms in
ammonia with an alkyl group greatly influence its interaction
with copper ions. Binding energies of a copper ion with mono-
(n-propyl)amine is stronger than that with ammonia.2 At room
temperature, a copper ion forms an adduct with an ammonia
molecule, which has a lifetime of∼ns and is stabilized by three-
body collisions.16,17 On the other hand, mono-, di-, and
tri-methylamines show fast bimolecular reactions that produce
copper hydride and imine ions.18 Methyl substitutions for
hydrogen atoms in ammonia affect the vibronic spectra of
metal-ammonia complexes as well. The sequential methyl
substitution effects on the M-NHn(CH3)3-n (M ) Al, Ga, In;
n ) 0-3) complexes have been systematically investigated
through measurements of their ZEKE spectra by Yang and co-
workers, and striking differences in the vibrational structures
of these ion complexes have been found.19-21 The fully methyl-
substituted complex of CuNH3, Cu-N(CH3)3, has also been

investigated and compared with the Cu-P(CH3)3 and Cu-As-
(CH3)3 complexes.22,23

In this paper, we extend the ZEKE study to the Cu complexes
of mono- and di-methylamines to systematically examine the
methyl substitution effects in the Cu-NHn(CH3)3-n series. In
addition, theoretical calculations on the Cu-NH2CH3 and Cu-
NH(CH3)2 complexes are performed to compare with the
experimental measurements. The trend of the ionization and
binding energies and differences in the vibrational structures
of the Cu-NHn(CH3)3-n complexes are discussed based on
experimental and theoretical results.

Experimental and Computational Details

The experimental setup has been described in a previous
publication,7 and the experimental methods are described next.
The copper-methylamine complexes were prepared by reactions
of laser-vaporized Cu atoms with the molecular ligands and
cooled in a supersonic jet. To produce Cu atoms, a copper rod
was vaporized with the second harmonic of a Nd:YAG laser
(532 nm,∼2 mJ, Continuum, Surelite I). Monomethylamine
(Matheson, 99.5%) or dimethylamine (Matheson, 99.5%) was
mixed with helium at a concentration of∼5% and expanded to
the vaporization region through a pulsed valve (General Valve
9-279-900) at a stagnation pressure of 3 atm. To locate the
ionization thresholds of the complexes, photoionization ef-
ficiency (PIE) spectra were taken by recording the ion signal
of the complexes as a function of laser wavelength. Masses of
the complexes were measured by using a time-of-flight mass
spectrometer. ZEKE electrons were produced by first photo-
exciting molecules to high-lying Rydberg levels and then
ionizing these Rydberg molecules with a pulsed electric field
(2 V/cm, 500 ns) delayed (3µs) from the laser excitation. The
photoionization and photoexcitation light was provided by a
frequency-doubled dye laser (LambdaPhysik, Scanmate 2)
pumped by a XeCl excimer laser (LambdaPhysik, COM-
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PEX100). Laser wavelengths were calibrated against copper
atom transitions.24 The electric field for the ZEKE experiment
was generated by a delay pulse generator (Stanford DG535).
The ion and ZEKE signals were detected by a dual microchannel
plate detector (Hamamatsu, F4655), amplified by a preamplifier
(NF, BX-31A), averaged by a gated integrator (Stanford SR250),
and stored in a laboratory computer through an A/D converter.

Equilibrium geometries and vibrational frequencies of the
complexes were calculated using the Gaussian 98 program
package.25 Møller-Plesset second-order perturbation theory
(MP2) and density functional theory with Becke’s three-
parameter hybrid functional using the Lee, Yang, and Parr
correlational functional (B3LYP) were used with the 6-311+G-
(d,p) basis set. Franck-Condon (FC) factors were computed
from the theoretical equilibrium geometries, harmonic frequen-
cies, and normal coordinates of the neutral and ion.19-23 The
Duschinsky effect was considered to account for normal mode
differences between the neutral and the ionic molecules in the
FC calculations.26 Spectral broadening was simulated by giving
each line a Lorenztian line shape with the line width of the
experimental spectra.

Results and Discussion

Computation.Table 1 lists the electronic states, equilibrium
geometries, and vibrational frequencies of the neutral and ionic
Cu-NH2CH3 and Cu-NH(CH3)2 complexes calculated with the
MP2/6-311+G(d,p) method. Results of the B3LYP/6-311+G-
(d,p) calculations are similar to those of MP2, and only Cu-N
bond lengths are listed in the footnote of Table 1. In the
following, the MP2 results are discussed unless otherwise noted.

Both complexes haveCs symmetry in their ionic and neutral
states, where Cu+/Cu is bound to the nitrogen in the methy-
lamines. The neutral ground electronic states of these complexes
(2A′) are formed by the interaction between ground states of
Cu (2S) and methylamines (1A′). The Cu-N bond length of Cu-
NH2CH3 and Cu-NH(CH3)2 are predicted to be 2.033 and 2.043
Å, and their dissociation energies are 11.60 and 12.02 kcal/
mol, respectively. The geometries of the free ligands are slightly
affected upon complexation. Compared to the free ligands, the
NC and NH bond lengths are increased by 0.018 and 0.005 Å
for Cu-NH2CH3 and 0.019 and 0.005 Å for Cu-NH(CH3)2.
The CNH and HNH bond angles of Cu-NH2CH3 are decreased
by 1.09 and 1.26°, and the CNH and CNC angles of Cu-NH-
(CH3)2 are decreased by 1.68 and 0.99°, respectively.

The ground states of the ionized complexes are1A′, which
correlate to the ground states of Cu+ (1S) and methylamines
(1A′). The Cu+-N bond lengths are predicted to be 1.931 Å
for Cu-NH2CH3 and 1.929 Å for Cu-NH(CH3)2, which are
about 0.1 Å shorter than those in the neutral species. The shorter
Cu+-N bond lengths correspond to the larger dissociation
energies in the ion complexes, which are calculated as 57.4 and
59.0 kcal/mol for Cu-NH2CH3 and Cu-NH(CH3)2, respec-
tively. The large increase of the binding energies in the ionic
states leads to a significantly lower I.P. of these complexes than
that of the Cu atom (7.762 eV).24 The shorter Cu+-N bonds
and the larger dissociation energies in the ion complexes are
apparently due to removal of the Cu 4s electron, which not only
depletes the electron repulsion but also enhances the electron
donation and adds a charge-dipole interaction. Upon ionization,
the NC and NH bond lengths are increased by 0.019 and 0.003
Å for Cu-NH2CH3 and by 0.020 and 0.002 Å for Cu-NH-
(CH3)2, respectively. The H-N-C and H-N-H bond angles
of Cu-NH2CH3 are reduced by 1.1 and 1.3° and the C-N-C
and C-N-H angles of Cu-NH(CH3)2 by 0.7 and 1.4°,
respectively. Consequently, the Cu-N-C and Cu-N-H bond
angles of Cu-NH2CH3 are increased by 0.85 and 1.26°, and
those of Cu-NH(CH3)2 are increased by 0.69 and 1.98°.

Photoionization Spectra.Figure 1 presents the PIE spectra
of the copper-methylamine complexes. The PIE spectrum of

TABLE 1: Equilibrium Bond Lengths (Å), Bond Angles (deg), and Vibrational Frequencies (cm-1) of the Cu-NH2CH3 and
Cu-NH(CH3)2 Complexes Calculated at MP2/6-311+G(d,p) Levela

Cu-NH2CH3
Ion length CuN) 1.931; NH) 1.022; NC) 1.502; CH) 1.091, 1.089, 1.089
1A′ angle CuNH) 109.5; CuNC) 116.7; HNH) 104.2; HNC) 108.2; NCH) 110.3, 109.0; HCH) 109.5, 109.5

frequency a′: 3488, 3214, 3112, 1639, 1526, 1487, 1305, 1097, 1009, 450, 208
a′′: 3553, 3228, 1536, 1359, 1043, 645, 222

Neutral length CuN) 2.033; NH) 1.019; NC) 1.483; CH) 1.094, 1.090, 1.090
2A′ angle CuNH) 108.2; CuNC) 115.8; HNH) 105.5; HNC) 109.3; NCH) 112.4, 108.8; HCH) 109.3, 108.8

frequency a′: 3501, 3176, 3083, 1637, 1523, 1476, 1237, 1049, 1014, 315, 166
a′′: 3585, 3205, 1533, 1354, 1006, 522, 199

Cu-NH(CH3)2
Ion length CuN) 1.929; NH) 1.022; NC) 1.497; CH) 1.091, 1.091, 1.094
1A′ angle CuNH) 107.1; CuNC) 113.4; CNC) 110.1; CNH) 106.1; NCH) 109.0, 109.7, 109.7; HCH) 109.7, 109.1, 109.6

frequency a′: 3498, 3212, 3188, 3089, 1537, 1527, 1491, 1311, 1260, 1082, 912, 483, 392, 281, 224
a′′: 3213, 3190, 3091, 1524, 1509, 1467, 1439, 1156, 1074, 1038, 231, 192

Neutral length CuN) 2.043; NH) 1.019; NC) 1.477; CH) 1.092, 1.091, 1.098
2A′ angle CuNH) 105.1; CuNC) 112.7; CNC) 110.8; CNH) 107.5; NCH) 108.7, 109.4, 111.5; HCH) 108.6, 108.9, 109.6

frequency a′: 3520, 3192, 3152, 3052, 1532, 1522, 1482, 1285, 1241, 988, 921, 416, 345, 243, 178
a′′: 3193, 3154, 3053, 1523, 1506, 1463, 1453, 1169, 1100, 1044, 231, 162

a B3LYP/6-311+G(d,p): Cu+/Cu-N ) 1.957/2.117 and 1.961/2.143 Å for Cu-NH2CH3 and Cu-NH(CH3)2, respectively.

Figure 1. PIE spectra of (a) Cu-NH2CH3 and (b) Cu-NH(CH3)2.
The onsets of the ionization signals located at∼45455 cm-1 for Cu-
NH2CH3 and∼44920 cm-1 for Cu-NH(CH3)2 are indicated by arrows.
Their ionization potentials are estimated to be∼45512 and∼44977
cm-1, respectively, after taking into account the shift of 57 cm-1 caused
by the electric field (87 V/cm).
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Cu-NH2CH3 (Figure 1a) displays a sharp onset of the ion signal
at ∼45455 cm-1, as indicated by the arrow. The I.P. of Cu-
NH2CH3 is estimated to be∼45512 cm-1, after the 57 cm-1

correction for the energy shift caused by the electric field applied
in the ion extraction region (87 V/cm). In addition, the ion signal
shows a stepwise increase beginning at∼45910 cm-1. This step
at∼455 cm-1 above the ionization onset indicates the excitation
of the Cu-ligand stretching mode in the ion complex, as observed
for other metal-ligand complexes.19-23 The PIE spectrum of
Cu-NH(CH3)2 (Figure 1b) displays the ionization onset at
∼44920 cm-1, and its I.P. is estimated to be∼44977 cm-1. It
is, however, difficult to find clear stepwise structures above the
ionization threshold to deduce any vibrational frequencies from
this PIE spectrum.

ZEKE Spectra. Cu-NH2CH3. Figure 2a shows the ZEKE
spectrum of Cu-NH2CH3. The origin band is observed at
45514(3) cm-1, consistent with the PIE spectrum. From this
position, the I.P. of the complex is determined as 5.643(1) eV
by taking into account of the I.P. shift caused by the electric
field for ionization.7 This I.P. is smaller than that of Cu by 2.083
eV, indicating the much larger binding energy in the ionic state
than in the neutral state. The I.P. is also smaller than that of
CuNH3 by 950 cm-1, suggesting that methyl substitution of a
hydrogen atom of ammonia increases the metal-ligand interac-
tion. The spectrum displays a major progression consisting of
three peaks with a spacing of∼460 cm-1, which corresponds
to the stepwise structure observed in the PIE spectrum. This
progression is assigned to the transitions of the Cu+-N
stretching mode by comparing with the Cu+-N stretching
frequencies of 470 cm-1 in Cu+-NH3 and theoretical calcula-
tions. The MP2/B3LYP frequencies of this mode (ν10, a′) are
450/443 cm-1, in good agreement with the measured value. In
addition to the major progression, the ZEKE spectrum shows a
weak progression with a 199 cm-1 spacing. This frequency
matches well with the MP2/B3LYP predicted values of 208/
204 cm-1 for the intermolecular bending (Cu+-N-C) mode
(ν11, a′). The intermolecular bending mode, Cu+-N-H or
Cu+-N-C, was not observed in the ZEKE spectra of Cu-
NH3 (ref 7) and Cu-N(CH3)3.22 This is because the metal-
ligand bending mode has a double degenerate e symmetry in
theseC3V symmetry complexes whose∆V ) 1 transition is
forbidden. The ZEKE spectrum also shows a number of sharp
peaks at 45821, 45879, and 46173 cm-1, as marked with
asterisks. These peaks arise from resonant two-photon ionization
of the copper atom.7

Figure 2b,c presents simulated spectra from the MP2 and
B3LYP calculations. For clarity, the origin bands of these
simulations are shifted to the same position as the experimental
band. Both simulations show a major Cu+-N stretching
progression and a weak Cu+-N-C bending progression,
confirming the previous assignment made by comparing the
calculated and measured frequencies. The FC intensities of the
two simulated spectra, however, are rather different. The
simulation from the MP2 method (Figure 2b) well reproduces
the observed intensity pattern. In contrast, the B3LYP simulation
(Figure 2c) exhibits longer Cu+-N stretching and Cu+-N-C
progressions. This difference apparently arises from the fact that
the differences between the neutral and the ionic equilibrium
Cu-N bond lengths and Cu-N-C angles are predicted to be
larger by B3LYP than by MP2. In the ZEKE spectrum, no hot
bands are observed, and the vibrational temperature of the cluster
beam is estimated to be less than 20 K by comparing with the
simulations. The observed ZEKE peak positions and assign-
ments for the complex are listed in Table 2.

Cu-NH(CH3)2. The ZEKE spectrum of Cu-NH(CH3)2 in
Figure 3a has its band origin at 44974(3) cm-1, consistent with

Figure 2. Single-photon ZEKE spectrum of Cu-NH2CH3 (a) and its
simulations (5 K) calculated with MP2 (b) and B3LYP (c). The peaks
with asterisks are due to resonant two-photon ionization of the Cu atom.

TABLE 2: Observed ZEKE Band Positions (cm-1)a and
Assignments for Cu-NH2CH3 and Cu-NH(CH3)2

Cu-NH2CH3 Cu-NH(CH3)2

position assignment position assignment

45511 00
0 44916 Cu

45710 110
1 44976 00

0

45821 Cu 45186 150
1

45879 Cu 45239 140
1

45907 110
2 45361 130

1

45972 100
1 45393 150

2

46165 100
1110

1 45458 120
1

46173 Cu 45498 140
2

46422 100
2 45662 120

1150
1

45716 120
1140

1

45821 Cu
45837 120

1130
1

45859 110
1

45879 Cu
45937 120

2

45971 120
1140

2

a Uncertainty: (3 cm-1.

Figure 3. Single-photon ZEKE spectrum of Cu-NH(CH3)2 (a) and
its simulations (5 K) calculated with MP2 (b) and B3LYP (c). The
peaks with asterisks are due to resonant two-photon ionization of the
Cu atom.
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the PIE spectrum and providing the I.P. of 5.576(1) eV. The
vibrational structure of Cu-NH(CH3)2 is more complicated than
that of Cu-NH2CH3 as previously observed in the ZEKE spectra
of the group 13 metal-amines.19-21 But, these transitions can
be easily assigned to fundamental, overtone, and combination
bands of four vibrational frequencies by comparing with the
spectrum of the monomethyl species and the theoretical calcula-
tions. The frequencies measured from the ZEKE spectrum are
210 cm-1 for the Cu+-N-C bending (ν15, a′), 263 cm-1 CH3

torsional (ν14, a′), 385 cm-1 C-N-C bending (ν13, a′), and
482 cm-1 Cu+-N stretching (ν12, a′) modes. The frequencies
of these modes predicted by the MP2/B3LYP methods are 224/
212, 281/266, 392/389, and 483/472 cm-1, respectively. Again,
the calculated frequencies are in good agreement with the
observed ones.

As in the case of Cu-NH2CH3, the Franck-Condon pattern
of the spectrum is reproduced better with MP2 (Figure 3b) than
B3LYP (Figure 3c). The B3LYP calculation again predicts a
longer Cu+-N stretching progression and overestimates the
intensities of the other transitions, making the simulated
spectrum more congested than the observed one, especially in
the higher energy region. These computational differences have
also been observed in the previous study of the Cu-N(CH3)3

complex. A peak at 45859 cm-1, which is 883 cm-1 from the
origin band, is tentatively assigned to the C-N-C stretching
mode. The MP2/B3LYP frequencies of this mode (ν11, a′) are
912/878 cm-1. Sharp peaks at 44916, 45821, and 45879 cm-1

are also due to Cu two-photon transitions. The ZEKE peak
positions and assignments for this complex are listed in Table
2.

Comparison of the Cu-NH3-n(CH3)n (n ) 0-3) Com-
plexes: Methylation Effects.Table 3 summarizes the I.P. of the
Cu-NH3-n(CH3)n (n ) 0-3) complexes measured from the
ZEKE spectra observed in the present and previous studies.7,22

The I.P. and binding energies obtained from MP2/B3LYP
calculations are also listed. The I.P. of the Cu atom (7.726 eV)
is reduced by 1.965 eV upon the attachment of an ammonia
molecule. The I.P. of Cu-NH3 is further shifted to lower values
by sequential methyl substitutions of the hydrogen atoms;
however, the I.P. difference between Cu-NHn(CH3)3-n and
Cu-NHn-1(CH3)4-n decreases monotonically (i.e., 0.118, 0.067,
and 0.030 eV) fromn ) 3-1. Both MP2 and B3LYP
calculations reproduce the trend of I.P., although MP2 under-
estimates the I.P. values by∼6%, whereas B3LYP overestimates
them by∼3%.

The calculated binding energies of the neutral and ion
complexes are evidently increased by the first methyl substitu-
tion but not so clear with the second and third substitutions.
For example, the binding energies of Cu-NHn(CH3)3-n calcu-
lated at the MP2 level are in the order of Cu-NH3 < Cu-
NH2CH3 < Cu-NH(CH3)2 ∼ Cu-N(CH3)3 for both neutral and

ion. On the other hand, the binding energy of Cu+-N(CH3)3 is
predicted to be smaller than that of Cu+-NH(CH3)2 by the
B3LYP calculations. For the neutral complexes, B3LYP predicts
smaller binding energies for Cu-NH(CH3)2 and Cu-N(CH3)3

than for CuNH2CH3. Similar results have also been reported
for the Ag+NH3-n(CH3)n complexes by Reimers and co-
workers,27 where the calculations were carried out by the B3LYP
method with larger basis sets and corrections of basis set
superposition errors. Although methyl substitutions increase the
Ag+-amine interactions for the first two methyl groups, the
binding energy of Ag+-N(CH3)3 was slightly smaller than that
of Ag+-NH(CH3)2.

As has been discussed in previous studies,7-15 there are
several factors determining the strength of copper-ammonia
bonding. One of these is theσ-donation from the nitrogen lone
pair to the copper atom. Since the methylation increases
σ-donation ability of the ligand amines, the metal-amine
interaction is expected to become larger on methylation. We
have attempted to evaluate the methylation effect on the dative
electron donation by calculating the charges on the Cu atom.
However, no clear trend was found from the MP2 and B3LYP
calculations on the successive substitution. The second factor
is the polarization interaction between metal and ligand. The
increasing polarizabilities of the amines on methylation increase
the dispersion forces, making the metal-ligand binding stronger.
In the ion complexes, additional charge-dipole interactions
further stabilize the complexes, but this may have an opposite
effect to polarization interaction since dipole moments decrease
in the order of NH3 > NH2CH3 > NH(CH3)2 > N(CH3)3.
Furthermore, the Pauli repulsion also affects the metal-molecule
bonding. This repulsion may decrease with the methyl substitu-
tions since the Cu-N distance is calculated to be lengthened
from ammonia to mono-, di-, and tri-methylamine complexes.
Overall, the copper-amine binding strengths are determined
on a balance of such attractive and repulsive interactions, and
sophisticated calculations are required to establish a definitive
trend in the binding energies of the three methylamine com-
plexes.

Although the binding energies of the ion and neutral
complexes cannot be deduced from the ZEKE spectrum, their
difference can be obtained from the observed I.P. shift from
the Cu atom to the complex by following the thermochemical
relation, I.P.(Cu)- I.P.(Cu-L) ) D0

+(Cu+-L) - D0(Cu-L),
whereD0

+ andD0 are bond dissociation energies of the ionic
and neutral complexes. The measured∆I.P. values (Table 3)
increase with succeeding methyl substitutions, indicating that
the methylation has a stronger effect on the ion than on the
neutral species. Also, a comparison of the experimental and
theoretical values shows that both the MP2 and B3LYP
calculations reproduce the I.P. shifts within an error of∼6%.

Table 4 summarizes the vibrational frequencies of the Cu-
NHn(CH3)3-n (n ) 0-3) complexes observed from the ZEKE
spectra and MP2/B3LYP/6-311+G(d,p) calculations. The vi-
brational frequencies obtained from both calculations are
generally in good agreement with observations. However, subtle
differences are noted between the two computational methods.
Frequencies obtained from the MP2 calculation are larger than
those from B3LYP for all modes. For the Cu+-N stretching
mode, the experimental and theoretical differences become
smaller with increasing molecular sizes, and the MP2 predictions
are superior to B3LYP. Especially, MP2 predicts excellent
Cu+-N stretching frequencies for Cu-NH(CH3)2 and Cu-
N(CH3)3. For other observed modes, on the other hand, the
B3LYP values are better.

TABLE 3: Ionization Potential (I.P.) and Binding Energies
(D0/D0

+) of Cu-NHn(CH3)3-n Complexes

Cu-NH3
a Cu-NH2CH3 Cu-NH(CH3)2 Cu-N(CH3)3

b

ZEKE
I.P. (eV) 5.761 5.643 5.576 5.546
∆I.P. (eV)c 1.965 2.083 2.150 2.180

MP2/B3LYP
I.P. (eV) 5.37/5.95 5.27/5.81 5.21/5.73 5.20/5.69
D0

+ (kcal/mol) 53.9/57.3 57.4/61.0 59.0/62.1 59.3/61.7
D0 (kcal/mol) 10.5/9.1 11.6/9.5 12.0/8.9 12.0/7.7
∆I.P. (eV)d 1.88/2.09 1.99/2.23 2.04/2.31 2.06/2.35

a Ref 7. b Ref 22.c Difference from I.P.(Cu)) 7.726 eV.d ∆I.P. )
I.P.(Cu)- I.P.(Cu-L) ) D0

+(Cu-L) - D0(Cu-L).
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Finally, all of the ZEKE spectra of the Cu-NHn(CH3)3-n

complexes show a predominant Cu+-N stretching progression,
which is consistent with a larger change predicted for the Cu-N
distance than the other geometric parameters upon ionization.
Compared with Cu-NH3 and Cu-N(CH3)2, the spectra of Cu-
NH2CH3 and Cu-NH(CH3)2 show additional transitions involv-
ing metal-ligand bending or low-frequency ligand skeleton
motions. These additional normal modes become active because
of the lower symmetry of the monomethylamine and dimethy-
lamine complexes.

Summary

The neutral copper atom forms stable weakly bound adducts
with methylamines. The accurate I.P. of the Cu-NH2CH3 and
Cu-NH(CH3)2 complexes and vibrational frequencies of the
corresponding ions were measured from their ZEKE spectra and
compared with those of previously studied Cu-NH3 and Cu-
N(CH3)3 complexes. The I.P. trend in the Cu-NHn(CH3)3-n

complexes indicates that the effect of ammonia methylation on
the metal-ligand interaction is the most significant for the first
methyl substitution and then gradually reduced with further
replacement. The binding energies of the neutral and ion
complexes obtained from the theoretical calculations are con-
sistent with this observation. The ZEKE spectra of Cu-NH2-
CH3 and Cu-NH(CH3)2 display more vibronic transitions than
CuNH3 and Cu-N(CH3)3 as a result of lower molecular
symmetry. Both MP2 and B3LYP calculations reproduced
relatively well the frequencies of the observed vibrational modes;
however, the MP2 method yields better FC intensities than
B3LYP.
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TABLE 4: Observed Vibrational Frequencies (cm-1) of the Copper-Methylamine Ionsa

Cu-NH3
b Cu-NH2(CH3) Cu-NH(CH3)2 Cu-N(CH3)3

c

Cu+-N-C(H) bend 210 (224/212) 199 (208/204)
CH3 torsion 263 (281/266)
C-N-C bend 385 (391/389)
Cu+-N stretch 470 (451/450) 461 (451/443) 482 (483/472) 268 (270/263)

a Values in parentheses are obtained from the MP2/B3LYP calculations with the 6-311+G(d,p) basis.b Ref 7. c Ref 22.
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