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Reactions of zinc and cadmium atoms with ammonia molecules in a solid argon matrix have been studied by
infrared spectroscopy. MNH3 (M ¼ Zn and Cd) was found from the reaction of ammonia with excited metal atoms,
similar to the reaction of ammonia with Hg atom, but quite different from those with other metal atoms (Sc, Ti, V,
etc.). The absorptions peaks of HZnNH2 sharply increased upon broad-band irradiation, whereas there was no detectable
HCdNH2 produced under the same experimental conditions. Density functional theory calculations were performed on
these molecules and the transition states. The agreement between experimental and calculated vibrational frequencies,
relative absorption intensities, and isotopic shifts provides strong support for the identification of the products. Further-
more, energetic analysis for possible reaction paths of these reactions is also given.

The interaction of ammonia with transition-metal atoms and
main group elements is of considerable interest due to its
importance in many catalytic processes such as carbonylation
or alkylation of ammonia and amines.1 Recently, it has been
found that for the early transition-metal atoms (Sc, Ti, and V),
the MNH3 complexes, generated from the reactions of ground-
state metal atoms with NH3, undergo photochemical rear-
rangement to the inserted HMNH2 complexes and then to
ScNH and H2MNH (M ¼ Ti and V) after ultraviolet–visible
irradiation.2 For the middle and late transition-metal atoms
(Fe, Ni, and Cu), metal atoms react with NH3 molecules to
form the MNH3 complexes, and ultraviolet–visible irradiation
induces the insertion of the metals into a N–H bond with af-
fording the amido derivatives HMNH2 (M ¼ Fe, Ni, and Cu),
HMNH2NH3 (M ¼ Fe or Ni), and HþMNH2 (M ¼ Cu).3–5 In
the case of the reactions of NH3 with main group metal atoms,
HMNH2 prefers to lose one H atom to form monovalent
MNH2 complexes; however, H2 elimination occurs when M ¼
Si and Ge.6 The difference in photochemical behavior of
HMNH2 complexes is a direct consequence of the valence-
electron configurations of the M atoms.2 On the other hand,
laser-induced fluorescence and action spectroscopy coupled
with isotopic studies shows that a Hg–NH3 excimer is formed
from the reaction of NH3 molecules with an excited Hg (3P1)
atom.7 Two triplet states, 3E and 3A1, have been found exper-
imentally for Hg–NH3.

7 Theoretically, the oxidative addition
of ammonia to second row transition-metal atoms have been
studied, and the lowest barriers for N–H insertion were found
for the atoms to the left with values slightly below zero.8

Recent studies have shown that, with the aid of isotopic sub-
stitution techniques, matrix isolation infrared spectroscopy
combined with quantum chemical calculation is very powerful
for investigating structure and bonding of novel species.2–6,9,10

Here, we report our results for the reactions of NH3 molecules
with zinc and cadmium atoms in a solid-argon matrix. IR spec-

troscopy and theoretical calculations provide evidence for the
formation of MNH3 (M ¼ Zn and Cd) and the insertion of zinc
atom into a N–H bond.

Experimental and Theoretical Procedures

The experimental procedures for laser ablation and matrix
isolation infrared spectroscopy were similar to those previous-
ly reported.11 Briefly, the Nd:YAG laser fundamental (1064
nm, 10Hz repetition rate with 10 ns pulse width) was focused
on rotating Zn and Cd targets. The laser-ablated metal atoms
then co-deposited with NH3 in excess argon onto a CsI win-
dow cooled usually to 7K by means of a closed-cycle helium
refrigerator. Typically, 1–5mJ/pulse laser power was used.
NH3 (19.5%, balanced with Ar), 15NH3 (99%) and ND3

(99%) were used to prepare the NH3/Ar mixtures. In general,
matrix samples were deposited for one to two hours with a
typical deposition rate of 2–4mmol per hour. After sample
deposition, IR spectra were recorded on a BIO-RAD FTS-
6000e spectrometer at 0.5 cm�1 resolution using a liquid nitro-
gen cooled HgCdTe (MCT) detector for the spectral range of
5000–400 cm�1. Samples were annealed at different tempera-
tures and subjected to broad-band irradiation (� > 250 nm)
using a high-pressure mercury arc lamp (Ushio, 100W).

Quantum chemical calculations were performed to predict
the structures and vibrational frequencies of the observed reac-
tion products using Gaussian 03.12 The B3LYP and MP2 den-
sity functional methods were used,13 and the 6-311+G(d) basis
sets were used for C, H, and Zn atoms,14 and the Los Alamos
ECP plus DZ (LANL2DZ) for Cd atoms.15 Geometries were
fully optimized, and vibrational frequencies were calculated
using analytical second derivatives. Transition-state optimiza-
tions were done using the QST3 algorithm as part of the syn-
chronous transit-guided quasi-Newton (STQN) method, fol-
lowed by vibrational calculations to show that the obtained
structures were true saddle points. The intrinsic reaction coor-
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dinate (IRC) method was used to track minimum energy paths
from transition structures to the corresponding local minima. A
step size of 0.1 amu1=2 bohr was used for the IRC procedure.
Previous investigations have shown that this computational
scheme can provide reliable information for the reactions of
ammonia with metal atoms, such as infrared frequencies, rela-
tive absorption intensities, and isotopic shifts.2–6

Results and Discussion

Experiments have been done with NH3 molecules at con-
centrations ranging from 0.02 to 1.0% in excess argon. Select-
ed regions of typical infrared spectra for the reactions of laser-
ablated Zn and Cd atoms with NH3 molecules in excess argon
are shown in Figs. 1 and 2, respectively, and the absorption
bands in different isotopic experiments are listed in Table 1.
Stepwise annealing and photolysis behavior of the product

absorptions are also shown in the figures and will be discussed
below.

Quantum chemical calculations have been carried out for
the possible isomers and electronic states of the potential prod-
ucts. Figure 4 shows the optimized structures of the isomers
and transition states of MNH3. Tables 2 and 3 list the vibra-
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Fig. 1. Infrared spectra in the 2000–1800, 1200–900, and 720–600 cm�1 regions from the co-deposition of laser-ablated Zn atoms
with 0.5% NH3 in Ar. (a) 1 h of sample deposition at 7K, (b) after annealing to 25K, (c) after annealing to 30K, (d) after 15min of
broad-band irradiation, and (e) after annealing to 34K. The absorptions around 1000 cm�1 are due to the NH3 molecules.
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Fig. 2. Infrared spectra in the 1200–900 cm�1 region from
the co-deposition of laser-ablated Cd atoms with 0.5%
NH3 in Ar. (a) 1 h of sample deposition at 7K, (b) after
annealing to 25K, (c) after annealing to 30K, (d) after
15min of broad-band irradiation, and (e) after annealing
to 34K.

Table 1. Infrared Absorptions (cm�1) from the Co-Deposi-
tion of Laser-Ablated Zn and Cd Atoms with Ammonia
in Excess Argon at 7K

14NH3
15NH3 ND3 Assignment

1934.9 1934.9 1389.1 HZnNH2, �(Zn–H)
1824.4 1824.4 X–ZnH2, �(Zn–H)
1118.8 1113.4 858.9 ZnNH3, �sym(NH3)
694.9 681.2 656.5 HZnNH2, �(Zn–NH2)
1139.3 1135.6 889.5 CdNH3, �sym(NH3)
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Fig. 3. Infrared spectra in the 1140–1080 cm�1 region from
the co-deposition of laser-ablated Zn atoms with iso-
topic NH3 in Ar after annealing to 34K. (a) 0.5% 14NH3,
(b) 0.5% 15NH3, and (c) 0.25% 14NH3 + 0.25% 15NH3.
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tional frequencies and intensities calculated at the B3LYP and
MP2 levels, respectively, and Table 4 is a comparison of the
observed and calculated isotopic frequency ratios of the reac-
tion products. Figure 5 illustrates potential energy surfaces for
the Znþ NH3 and Cdþ NH3 reactions.

MNH3 Molecule. A weak absorption at 1118.8 cm�1 in
the Znþ NH3 experiments appeared after sample deposition,
slightly increased on sample annealing, markedly increased af-
ter broad-band irradiation, and slightly increased after further
higher temperature annealing (Fig. 1). The 1118.8 cm�1 band
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Fig. 4. Optimized structures with bond lengths (Å) and bond angles (�) of the MNH3 (M ¼ Zn and Cd) isomers and the transition
states calculated at the B3LYP and MP2 (in parentheses) levels.

Table 2. Vibrational Frequencies (cm�1) and Intensities (kmmol�1) for the Reaction Intermediates,
Products, and Transition States from the Reactions of Zn and Cd Atoms with NH3 Calculated at
the B3LYP Level

Species Frequency (intensity)

ZnNH3 (1A1) 3592.4 (3� 2, e), 3465.1 (6, a1), 1729.6 (34� 2, e), 1091.9 (208, a1),
163.4 (27� 2, e), 62.5 (5, a1)

ZnNH3 (3A0) 3563.9 (827, a0), 3532.6 (116, a00), 3460.4 (379, a0), 1705.3 (50, a0),
1602.3 (159, a00), 1214.0 (126, a0), 499.4 (19, a00), 449.8 (301, a0),
311.3 (11, a0)

HZnNH2 (1A0) 3639.0 (10, a00), 3549.6 (2, a0), 1950.7 (116, a0), 1613. 3 (19, a0), 733.1
(71, a00), 660.9 (43, a0), 492.9 (30, a0), 462.7 (44, a00), 268.0 (207, a0)

HZnNH2 (3A0) 3512.8 (4, a00), 3415.8 (2, a0), 1607.4 (35, a0), 1153.1 (207, a0), 727.0
(179, a0), 646.7 (0.4, a00), 496.2 (163, a0), 318.7 (1, a0), 260.8 (20, a00)

TS (1A0) 3520.5 (1, a00), 3404.7 (14, a0), 1572.0 (22, a0), 1462.4 (15, a0), 716.5
(54, a00), 687.9 (226, a0), 432.1 (82, a0), 283.2 (0.3, a00), 1077:6i (819, a0)

CdNH3 (1A1) 3593.6 (3� 2, e), 3465.9 (8, a1), 1733.2 (36� 2, e), 1092.0 (242, a1),
140.9 (27� 2, e), 52.1 (3, a1)

CdNH3 (3A0) 3596.2 (105, a0), 3555.5 (0.4, a00), 3481.3 (6, a0), 1717.7 (30, a0),
1521.5 (1, a00), 1183.5 (176, a0), 442.0 (4, a00), 381.3 (32, a0), 263.1 (5, a0)

HCdNH2 (1A0) 3594.7 (2, a00), 3504.8 (2, a0), 1674.8 (227, a0), 1608.6 (7, a0), 700.4
(67, a00), 539.6 (49, a0), 402.7 (64, a0), 377.3 (184, a0), 356.4 (80, a00)

HCdNH2 (3A0) 3496.3 (1, a00), 3401.5 (1, a0), 1603.4 (31, a0), 965.6 (230, a0), 681.9
(178, a0), 567.9 (2, a00), 434.5 (173, a0), 251.7 (0.8, a0), 248.8 (39, a00)

TS (1A0) 3496.9 (0.3, a00), 3393.7 (23, a0), 1589.0 (21, a0), 1340.3 (27, a0), 683.6
(233, a0), 610.6 (58, a00), 379.7 (48, a0), 195.6 (0.1, a00), 857:8i (582, a0)
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shifted to 1113.4 cm�1 with 15NH3 and to 858.9 cm�1 with
ND3 with an isotopic 14N/15N ratio of 1.0049 and H/D ratio
of 1.3026, which are close to the corresponding ratios (14N/
15N: 1.0043 and H/D ratio: 1.2820) of the �2 mode of the

NH3 monomer in an argon matrix.16 In the mixed 14NH3 þ
15NH3 isotopic spectra (Fig. 3) only the sum of pure isotopic
bands was observed, which indicates only one NH3 unit is
involved in this mode. Analogous to the previously reported
MNH3 (M ¼ Sc, Ti, V, Fe, Ni, Cu, Al, Si, etc.) complexes,2–6

the 1118.8 cm�1 band was assigned to the symmetric NH3-
bending vibration of the ZnNH3 complex.

Density functional theory (DFT) calculations lend strong
support for the assignment. Using the B3LYP results as an ex-
ample, the ZnNH3 complex was predicted to have C3v symme-
try with a 1A1 ground state (Fig. 4) that lies 71.53 kcalmol�1

lower in energy than the triplet one. The calculated symmetric
NH3-bending vibration of the ZnNH3 complex was 1091.9
cm�1. At the B3LYP/6-311+G(d) level, the intensity of anti-
symmetric NH3-bending vibration (1729.6 cm

�1, 34 kmmol�1)
(Table 2) was much weaker than that of the symmetric one
(1091.9 cm�1, 208 kmmol�1), in accord with its absence in
the present experiments. The calculated 14N/15N and H/D
ratios of 1.0053 and 1.3155 are consistent with the experimen-
tal values, 1.0049 and 1.3026 (Table 4). Good agreement
between the experimental and calculated results was also ob-
tained at the MP2 level (Tables 1 and 3). Hereafter, mainly
B3LYP results are presented for discussions.

In the Cdþ NH3 experiments, a similar absorption at
1139.3 cm�1 was assigned to the symmetric NH3-bending vi-
bration of the CdNH3 complex, which appeared after broad-
band irradiation (Fig. 2). This band shifted to 1135.6 cm�1

with 15NH3 and to 889.5 cm�1 with ND3 with an isotopic
14N/15N ratio of 1.0033 and H/D ratio of 1.2808. DFT calcu-
lations predict a 1A1 ground state CdNH3 with a symmetric
NH3-bending vibration at 1092.0 cm�1. The calculated 14N/
15N and H/D ratios of 1.0038 and 1.3136 agree with the exper-
imental values (Table 4).

HMNH2 Molecule. Absorptions at 1934.9 and 694.9 cm�1

Table 3. Vibrational Frequencies (cm�1) and Intensities (kmmol�1) for the Reaction Intermedi-
ates, Products, and Transition States from the Reactions of Zn and Cd Atoms with NH3 Calcu-
lated at the MP2 Level

Species Frequency (intensity)

ZnNH3 (1A1) 3668.1 (10� 2, e), 3514.7 (2, a1), 1740.1 (38� 2, e), 1142.1 (238, a1),
182.6 (19� 2, e), 75.3 (9, a1)

ZnNH3 (3A0) 3658.1 (209, a0), 3604.3 (2, a00), 3518.4 (17, a0), 1728.7 (11, a0), 1543.8
(0.01, a00), 1278.9 (193, a0), 563.2 (10, a00), 330.8 (14, a0), 184.8 (7, a0)

HZnNH2 (1A0) 3706.2 (21, a00), 3600.7 (8, a0), 2004.5 (110, a0), 1643.7 (23, a0), 750.7
(84, a00), 686.0 (44, a0), 495.0 (32, a0), 461.9 (53, a00), 301.0 (225, a0)

HZnNH2 (3A0) 3663.6 (13, a00), 3549.0 (3, a0), 1624.9 (33, a0), 701.3 (1, a0), 617.1
(39, a0), 431.0 (151, a00), 23.8 (0, a0), 21.1 (23, a0), 5.9 (0.3, a00)

TS (1A0) 3565.2 (9, a00), 3424.8 (13, a0), 1579.2 (15, a0), 1505.4 (15, a0), 726.0
(63, a00), 683.5 (269, a0), 478.7 (56, a0), 274.9 (8, a00), 983:2i (567, a0)

CdNH3 (1A1) 3671.4 (10� 2, e), 3517.8 (4, a1), 1746.7 (39� 2, e), 1148.3 (268, a1),
183.2 (18� 2, e), 67.1 (7, a1)

CdNH3 (3A0) 3668.5 (73, a0), 3624.6 (1, a00), 3526.4 (13, a0), 1731.7 (34, a0), 1476.7
(31, a00), 1256.2 (205, a0), 494.3 (38, a00), 280.8 (14, a0), 206.0 (10, a0)

HCdNH2 (1A0) 3695.6 (14, a00), 3591.7 (3, a0), 1819.1 (151, a0), 1628.0 (12, a0), 702.4
(97, a00), 563.9 (52, a0), 440.6 (32, a0), 409.9 (67, a0), 304.9 (245, a00)

HCdNH2 (3A0) 3584.8 (7, a00), 3472.5 (1, a0), 1631.6 (44, a0), 1266.7 (244, a0), 711.4
(233, a0), 567.8 (2, a00), 407.3 (329, a0), 250.6 (34, a0), 127.7 (35, a00)

TS (1A0) 3554.2 (3, a00), 3422.9 (19, a0), 1588.4 (11, a0), 1404.6 (25, a0), 697.1
(290, a0), 635.4 (66, a00), 416.0 (34, a0), 182.7 (3, a00), 878:7i (752, a0)

Table 4. Comparison of the Observed and Calculated
(B3LYP Level) Isotopic Frequency Ratios of the Reaction
Products

14N/15N H/D

Species Mode Obsd Calcd Obsd Calcd

ZnNH3 �sym(NH3) 1.0049 1.0053 1.3026 1.3155
CdNH3 �sym(NH3) 1.0033 1.0038 1.2808 1.3136
HZnNH2 �(Zn–H) 1.0000 1.0001 1.3929 1.4028
HZnNH2 �(Zn–NH2) 1.0201 1.0237 1.0585 1.0610
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Fig. 5. Potential energy surface following the reaction path
from Znþ NH3 leading to the products (B3LYP level).
Energies given are in kcalmol�1, and the corresponding
values for Cd are listed in parentheses.
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in the Znþ NH3 experiments appeared together after sample
deposition, slightly increased on sample annealing, and sharply
increased after broad-band irradiation (Fig. 1). On the basis of
the growth/decay characteristics as a function of changes of
experimental conditions, these two bands were determined to
be different vibrational modes of the same species. The
1934.9 cm�1 band exhibited no nitrogen-15 shift, but shifted
to 1389.1 cm�1 with ND3 with a H/D ratio of 1.3929. The
band position and isotopic H/D ratio are close to the Zn–H
stretching vibration of HZnOH (1955.8 cm�1, H/D ratio:
1.3868 in solid argon),17 indicating that this band is due to a
Zn–H stretching vibration. The 1824.4 cm�1 band in Fig. 1
is due to the Zn–H stretching vibration of X–ZnH2 (X ¼ H2O,
D2O, N2, or some other contaminant molecule) as previously
reported.17,18 The 694.9 cm�1 band shifted to 681.2 cm�1 with
15NH3 and 656.5 cm�1 with ND3, giving an isotopic 14N/15N
ratio of 1.0201 and H/D ratio of 1.0585. This suggests
that the band at 694.9 cm�1 is due to a Zn–NH2 stretching
mode. Accordingly, the bands at 1934.9 and 694.9 cm�1 were
assigned to the Zn–H and Zn–NH2 stretching vibrations of
HZnNH2, respectively.

From DFT calculations, HZnNH2 has
1A0 ground state with

Cs symmetry (Fig. 4). The triplet HZnNH2 molecule was pre-
dicted to be 69.20 kcalmol�1 in energy higher than the singlet
one. The calculated Zn–H and Zn–NH2 stretching vibrational
frequencies of the singlet HZnNH2 molecule (1950.7 and
660.9 cm�1) (Table 2) and isotopic frequency ratios (Table 4)
are in accord with the experimental results, supporting the
formation of the HZnNH2 species.

In the present experiments on the reaction of laser-ablated
Cd atoms with ammonia, however, no absorption for the
HCdNH2 products was observed.

Reaction Mechanisms. In the matrix IR spectra, weak IR
absorptions due to the MNH3 (M ¼ Zn and Cd) complexes
appeared after sample deposition, slightly increased upon
sample annealing, and sharply increased after UV irradiation
(Figs. 1 and 2), suggesting that the formation of the MNH3

complexes is from the reaction of ammonia either with the
ground state or with the excited Zn and Cd atoms. However,
reaction with the excited atoms should occur to a larger extent.
This feature is similar to the reaction of ammonia with the
Hg excited atom,7 but quite different from the reactions
with ground state metal atoms such as Sc, Ti, V, etc.2–6 At
the B3LYP/6-311+G(d) level, the formation of the ZnNH3

complex from the reaction of ammonia with the 1S ground
state Zn atom is very slightly exothermic (reaction 1, �0:76
kcalmol�1), but highly exothermic with the 3P excited Zn
atoms (reaction 2, �23:96 kcalmol�1 and reaction 3, �71:57
kcalmol�1), in line with the present experiments. Similar re-
sults were also obtained for the formation of the CdNH3 com-
plex (reactions 4–6). It was found that 3P excited metal atoms
react with H2 in the matrix to form group 12 metal hydride
molecules.19 To form the monomethylmetal hydride species,
CH3MH (M ¼ Zn, Cd, and Hg), excitation to the 3P metal ex-
cited state was also required to promote insertion into a meth-
ane molecule.20 Recently, it was reported that the formation of
zinc tricarbonyl Zn(CO)3 from the reaction of Zn atoms with
CO involves 4s ! 4p promotion of the Zn atom.21 In addition
to the aforementioned reports,7,19–21 the present results show

that a number of novel species that have difficulty forming
from reactions with ground-state metals are generated using
excitation methods such as UV irradiation and laser ablation.

Zn (1S)þ NH3 ! ZnNH3 (1A1)

�E ¼ �0:76 kcalmol�1 ðB3LYP levelÞ ð1Þ
Zn (3P)þ NH3 ! ZnNH3 (3A0)

�E ¼ �23:96 kcalmol�1 ð2Þ
ZnNH3 (3A0) ! ZnNH3 (1A1)

�E ¼ �71:57 kcalmol�1 ð3Þ
Cd (1S)þ NH3 ! CdNH3 (1A1)

�E ¼ �0:92 kcalmol�1 ð4Þ
Cd (3P)þ NH3 ! CdNH3 (3A0)

�E ¼ �18:77 kcalmol�1 ð5Þ
CdNH3 (3A0) ! CdNH3 (1A1)

�E ¼ �70:94 kcalmol�1 ð6Þ

Weak IR absorptions for HZnNH2 appeared after sample
deposition, slightly increased upon sample annealing, and
sharply increased after broad-band photolysis (Fig. 1), imply-
ing that there are two possible pathways for the formation
of HZnNH2: the rearrangement of singlet ZnNH3 to HZnNH2

(reaction 7) and the direct isomerization of triplet ZnNH3 to
HZnNH2 (reaction 9). Both reaction paths require activation
energy. As can be seen from Fig. 5, the isomerization of triplet
ZnNH3 to singlet HZnNH2 is barrier-free; however, the forma-
tion of the triplet ZnNH3 precursor requires activation energy,
which supports the above-mentioned analysis. DFT calcula-
tions also predicted that the HZnNH2 molecule lies 8.37
kcalmol�1 higher in energy than the ZnNH3 complex (reaction
7). For the rearrangement of ZnNH3 to HZnNH2, the vibra-
tional mode of the imaginary frequency of TS (1107:6i cm�1)
(Table 2) corresponds to the transition motion leading to the
cleavage of the N–H bond. Transition-state optimization was
followed by frequency and IRC calculations, which confirmed
that TS does connect ZnNH3 and HZnNH2. Reactions 9 and
10 are predicted to be exothermic by about 63.20 and 36.33
kcalmol�1, respectively, but require spin crossing.

For the cadmium system, there is no detectable HCdNH2

produced in the present experiments, and CdNH3 was the pre-
dominate product, implying that spin crossing has a higher ef-
ficiency in the Znþ NH3 reaction system than that in the Cdþ
NH3 reaction system. Spin crossing has also been observed
in the isomerization of NH3 by metal atoms (i.e. Zr, Hf,
Ti, V, etc.).2,22 On the other hand, the activation energy of
the isomerization of ZnNH3 (1A1) to HZnNH2 (1A0) (68.13
kcalmol�1) is lower than that of the isomerization of CdNH3

(1A1) to HCdNH2 (
1A0) (80.02 kcalmol�1) as shown in Fig. 5,

indicating that the isomerization of NH3 by Zn atoms is ener-
getically more favorable than that by Cd. It is noted that the
difference between the activation energy for the isomerization
of MNH3 (1A1) to HMNH2 (1A0) (M ¼ Zn and Cd) corre-
sponds to the energy difference between MNH3 (1A1) and
HMNH2 (1A0).

ZnNH3 (1A1) ! HZnNH2 (1A0)

�E ¼ 8:37 kcalmol�1 ð7Þ
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CdNH3 (1A1) ! HCdNH2 (1A0)

�E ¼ 34:61 kcalmol�1 ð8Þ

ZnNH3 (3A0) ! HZnNH2 (1A0)

�E ¼ �63:20 kcalmol�1 ð9Þ

CdNH3 (3A0) ! HCdNH2 (1A0)

�E ¼ �36:33 kcalmol�1 ð10Þ

Conclusion

Reaction of zinc and cadmium atoms with ammonia mole-
cules in solid-argon matrix has been studied by infrared spec-
troscopy and density functional theory calculations. From the
infrared spectra, MNH3 (M ¼ Zn and Cd) mainly formed from
the reaction of ammonia with the excited metal atoms, similar
to the reaction of ammonia with excited Hg atom, but quite
different from ground-state metal atoms such as Sc, Ti, V,
etc. The absorptions of the inserted HZnNH2 molecule sharply
increased upon broad-band irradiation, whereas there was no
detectable HCdNH2 produced in the present experiments.
The products were identified by isotopic substitution and den-
sity functional theoretical frequency calculations. As well, a
number of novel species that have difficulty forming from
the reactions with ground-state metals can be generated using
excitation methods such as UV irradiation and laser ablation.
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