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Reactions of Laser-Ablated Aluminum Atoms with Ammonia. Infrared Spectra of HAINH 5,
AINH ,, and HAINH in Solid Argon

Dominick V. Lanzisera and Lester Andrews*
Department of Chemistry, Usrsity of Virginia, Charlottesille, Virginia 22901

Receied: February 13, 1997; In Final Form: April 4, 1997

Pulsed laser-ablated Al atoms react with \id give two major products, HAINKHand AINH,, which are
trapped in solid argon and identified from infrared spectra through isotopic substitiftynY) and MP2
calculations of product structures and isotopic frequencies. The bent HAINH molecule was a minor product.

Introduction cally filed prior to insertion in the vacuum system to remove
oxides from the surface. Following deposition, a Nicolet 550
Fourier transform infrared (FTIR) spectrometer collected spectra
from 400-4000 cnt?! using a liquid nitrogen-cooled MCT
detector with 0.5 cm! resolution and peak accuracy #0.2
cm L,

Reagent gases included NHMatheson),®NH3 (MSD
Isotopes, 99%4°N), and N (MSD Isotopes, 99% D). Prior
to the first experiment, Nklwas placed into the gas manifold
and allowed to passivate the stainless steel walls. Then, NH
experiments were run by mixing a fresh sample of3Ntith
argon and flowing the gas mixture through a needle valve and
deposition line. For'>NHz enrichment, the manifold was
passivated with®NHz for 18 h, which gave approximately 3:1
I5N:14N ratios. For the N experiments, only a small section
of the NH; deposition line was used for argon mixed with jD
flowing through another needle valve near the reaction chamber,
which gave approximately 90% deuteration of the reactant gas.
For experiments with scrambled hydrogen isotopesz NBs

Interest in 11V compounds arises largely for two reasons:
the promise of new semiconductors and high-energy molecules
and the comparison with isoelectronic organic compounds
having multiple bond$. Previously, borornitrogen com-
pounds have been studied using matrix isolation following
reaction of laser-ablated boron atoms with nitrogéram-
monia®°and methylamine$. In the ammonia experiments, the
linear product HBNH was characterized and compared to
the isoelectronic HCCH molecule. Methyl-substituted imino-
boranes-CHsBNH, CH;NBH, and CHBNCHz;—were identified
in the methylamine experiments and contrasted with mono- and
dimethylacetylene. In each of these molecules, among other
similarities with the organic compounds, there is a formal triple
bond between boron and nitrogen.

Besides boronnitrogen compounds, other #V combina-
tions have drawn interest, such as theoretical calculations on
B—P and AN system&”8 and EPR studies of aluminum

ammonia cocondensation produttsDavy and Jaffrey per- : . - . -
formedab initio molecular electronic structure calculations to placed in the manifold, previously passivated with Niend

determine geometries, energies, and vibrational frequencies of_the four precursors N NHZD’ NHDZ’. and NQ were present
compounds with the formula AINHx = 2—4)1 Their methods in these experiments with a H/D ratio of approximately 1/2.

included Hartree Fock configuration interaction with single and After sample deposition, anne_aling to 15 K followed by
double excitations (CISD) for AINpland AINH, and these two ~ Proad-band mercury arc photolysis (Philips 175 W) was done

methods plus coupled cluster expansion (CCSD) for AINH to produce changes in the FTIR spectra. Further annealings to
isomers. 25 and 35 K also changed some of the spectral features and

This article presents experimental evidence for-N-H allowed bands behaving similarly to be grouped together.
compounds and supporting calculations which, despite beingAnnealllng. behavior among absorptions of different products was
undertaken at a lower level of theory, are still quite close to More distinct than photolysis behavior and, therefore, a better
both those of Davy and Jaffrey and the experimental vibrational diagnostic. . .
frequencies. Isotopic frequencies for both deuterium and Ve performed HartreeFock (HF) calculations on potential
nitrogen-15 are also given for a variety of isomers. The main Product molecules using the Gaussian 94 program package.

goal of this work is the identification of new product species FOr all calculations, a Miler—Plesset correlation energy cor-
and the comparison of experimental isotopic vibrational fre- '€ction followed the HF calculation and was truncated at second

order (MP2 method)! The basis set for each atom was the
Dunning/Huzinaga full double zeta with one single first
Experimental Section polarization function (D95*}? The geometry optimizations
) . ) used redundant internal coordinates and converged via the Berny

Previous articles have described the apparatus for pulsed |ase6ptimization algorithni®13and the program calculated vibra-
ablation, matrix isolation, and FTIR spectroscdpy. Mixtures tional frequencies analytically. For HAIN and HNAI, imaginary
of NHz in Ar (1:100-200) codeposited at 3 mmol/h for-2 h vibrational frequencies were calculated for the bending mode,
onto a 6-7 K cesium iodide window react with aluminum atoms  anq further calculations using density functional theory with
ablated from a target source (Al, Aesar, 99.998% Puratronic) the B3LYP functionat* and 6-311G* basis s&t obtained
rotating at 1 rpm. The fundamental 1064 nm beam of a Nd: satisfactory vibrational frequencies.
YAG laser (Spectra Physics DCR-11) operating at 10 Hz and
focused with a-10 cm focal length lens ablated the target using Ragyits
20—30 mJ per 10 ns pulse. The aluminum target was mechani-

guencies with calculated frequencies.

Matrix infrared spectra of the reaction products using various
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. ammonia isotopic combinations are reported. The relative
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TABLE 1. Observed Frequencies (cn?) and Annealing Behavior for Products in the Al + NH3 Reactions

14NH; 15NH; ND3 mixed H/D? 25 Kp 35 KP identity

3495.0 3486.6 +10 —50 AINH; site

3486.2 3477.4 —-30 —-35 AINH,

3476.8 3468.0 +10 —-30 AINH; site

3125.7 3119.1 +20 —-35 NH

1958.4 1958.4 1436.1 —15 —40 ?

1899.5 1899.5 1384.3 0 0 HAINH

1890.9 1890.9 1386.4 +10 —-30 HAINH site

1887.8 1887.8 +40 —20 HAINH site

1800.6 1800.6 1799.4 +4300 +120 ?

1799.2 1799.2 1797.9 +4300 +120 ?

1761.7 1761.7 1282.7 —-10 —30 HAINH,

1739.8 1739.8 1269.4 +100 +90 HAINH; site

1590.7 1590.7 1157.4 +5 —40 AlH

1541 1537 —15 —10 Al(NH2)2

1537.7 1532.8 11494 —-10 —65 AINH; site

1533.5 1531.4 1147.2 —10 0 AINH; site

1524.9 1521.7 1151.4 13667 —-10 —30 HAINH,

1520.3 1514.7 1137.8 1343.8 —-30 —-35 AINH;

1494.8 1490.9 1106.7 1316.3 —-20 —20 NH,

1282.5 1281.1,1279.8 —60 —-35 HNNH
836.1 830.6, 824.3 +65 —100 Al(NH), site
833.1 827.2,821.4 -15 -20 AI(NH),
785.3 770.8 +30 —80 HAINH; site
778.7 766.9 748.3 749.2? -10 —-30 HAINH;
747.7 742.3,737.5 —-15 —10 Al(NH2)2
734.6 723.9 710.2 721 +135 +60 AINH; site
730.9 718.0 706.3 716.9 —15 —70 AINH; site
726.3 713.3 694.8 713.1 —-30 —35 AINH,
707.6 703.9 550.7 —55 —70 HAINH; site
704.6 700.9 549.8 655.5, 651.1, 644.2, 580.2, 575.0 —10 —30 HAINH,
702.0 698.1 548.0 +135 —100 HAINH; site
530.6 530.5 495.5, 489.6 0 0 HAINH
406.7 403.7 —30 —-35 AINH;

aProduct peaks in the mixed H/D experiment that are not present or present in only trace amounts in either dheNRfexperiments.
b Percent change in intensity of the peak following annealing to the given temperature.

HAINH,

increase or decrease of the peak intensities upon photolysis and
annealing helps to assign peaks of different isotopes and peaks
of different vibrational modes to the same product. Because
27Al is the only naturally occurring isotope of aluminum, all of
the isotopic data arises from the ammonia reactant gas.
Distinguishing products containing aluminum from ammonia
fragments is aided by previous experiments with boron and
ammonia. Other than aluminunmitrogen—hydrogen species
and photolysis products, aluminum oxides such as AIOAl and
OAIO arise because of oxides on the aluminum target sufface,
but these peaks are too weak to obscure any of the reaction
products.

Al + NHj. Table 1 lists frequencies and annealing behavior
of four isotopic ammonia experiments with aluminum. Figure
1a displays a spectrum in the 85680 cnt range for the best Figure 1. Infrared_ spectra in the 85680 c_nTl re_gion following
NHs experiment, using a 1% Nfin Ar mixture and the high Sgﬁgfe;aiﬁraaggt'&?nggxla?%mz C?{Seﬁloi'tffl\lﬁ';g rﬁ‘jr%?%/ Jlr)
end of the laser power range. .Reduc!ng'tlhe concentr{itlon 1015\ H /19N Hs (3/1). Peak labels are explained in the text.

0.5% decreased product yield without significantly reducing the

relative concentration of ammonia clusters while reducing the at 747.7 cm? (labeled 4) develops a shoulder peak at 748.3
laser power provided significantly lower yield without any new cm upon photolysis, and the doublet is maintained throughout
information. The strongest absorption in this spectrum, at 704.6 annealing. An absorption at 778.7 ctin(labeled HAINH)
cm! (labeled HAINH,), has two site splittings at 707.6 and grows on photolysis and 25 K annealing until almost disap-
702.0 cntl. Upon photolysis, these absorptions increase 35%. pearing on 35 K annealing. Finally, an absorption at 833.1cm
Further annealing to 25 K strongly increases the 702.0lcm (labeled 5) grows upon 25 K annealing and then disappears on
site at the expense of intensity in the 707.6 érabsorption, further annealing to 35 K.

while keeping the main peak at nearly the same intensity. Figure 2a presents the spectrum for this experiment in the
Annealing to 35 K afterward reduces the 704.6émeak by 1600-1480 cnr! range. A strong AlH peak at 1590.7 cfn
30% and nearly destroys both matrix sites. To the blue of this and the NH band at 1494.8 cnt are observe817.18 Between
absorption lies a peak at 726.3 tin(labeled AINH) with these absorptions appear new product peaks. The strongest new
matrix sites at 730.9 and 734.6 cin The 726.3 cm! band band, at 1520.3 cmi (labeled AINH,), increases 40% on
increases 40% upon photolysis, and then declines 30% onphotolysis and then decreases following both annealings. The
annealing to 25 K and 35% more on 35 K annealing. A peak nearby absorption at 1524.9 cin(labeled HAINH) increases
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Figure 2. Infrared spectra in the 166480 cn1? region following
pulsed laser ablation of Al atoms codeposited with Arg\NHO00/1)
samples on a Csl window at-& K: (a) Al + “NH; and (b) Al +
15NHa/*NHj3 (3/1). Peak labels are explained in the text.
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Figure 3. Infrared spectra in the 197720 cn1? region following
pulsed laser ablation of Al atoms codeposited with ArgNHO00/1)

samples on a Csl window at-& K: (a) Al + “NH; and (b) Al +
15NH3/**NH3 (3/1). Peak labels are explained in the text.

35% on photolysis and following annealing to 35 K is actually
larger than the 1520.3 cth peak. The other absorptions in

Lanzisera and Andrews

Near the low-frequency limit of the spectrum, there is a weak
absorption at 530.6 cm, which increases 55% on photolysis
and also increases on annealing. A noisy absorption at 406.7
cm~! was also detected.

Al + 15NH3. Figure 1b displays the spectrum oflaNH;
experiment run under approximately the same concentration and
laser power as for th&NH3 spectrum in Figure 1a. Because
the enrichment of®NH3 was only 75% due to exchange in the
vacuum manifold, products from both isotopic reactants are
observed. For example, a strong absorption at 700.9" ¢an
more than twice as intense as the band near 7039 emd
behaves similarly upon photolysis and annealing; both the
absorption at 704.6 cm from residual'“NHsz and the charac-
teristic blue matrix site of th€NH; 700.9 cnt! band contribute
to the intensity of this broader peak. The strong band at 713.3
cm! tracks with the 726.3 cmt band from the14NH;
experiment. An absorption at 766.9 chwith a matrix site at
770.8 cn! matches the 778.7/785.3 cincombination forl4-

NHs, including sharp development of the site upon 25 K
annealing followed by near destruction at 35 K. Two sharp
new bands at 737.5 and 742.3 thbehave similarly to each
other and to the 747.7 cthband from the"*NH3 experiment.
These spectra, then, suggest a product with two equivalent
nitrogen atoms. Similarly, peaks at 821.4 and 827.2%cfwith
matrix sites at 824.3 and 830.6 cin respectively) form a
nitrogen isotopic triplet with the 833.1 and 836.1 ¢nabsorp-
tions for 14NHs.

In Figure 2b, the AIH absorption remains at 1590.7ém
but the NH peak shifts to 1490.9 crd. Among the new bands,
there is a nitrogen isotopic doublet at 1514.7 and 1520.3'cm
while a band at 1521.7 cr corresponds to the 1524.9 cin
band in thel“NH3; experiment. Unfortunately, the cluster of
peaks near 1535.0 crhis further complicated by contributions
from both1“N and 5N species, but absorptions at 1532.8 and
1531.4 cm! can be discerned.

In the Al-H stretching region (Figure 3b), there is no
noticeable change in the frequencies for any of the peaks in the
15NH3 experiments. Therefore, there is no nitrogen coupling
to these stretching modes, as expected, because of the heavy

this region overlap, but sharp features at 1537.7 and 1533.5mass of aluminum relative to nitrogen.
cm! can be observed, as well as a broad absorption near 1541.3 The N—H stretching region provides counterparts to peaks

cm L,
In the Al-H stretching region from 1970 to 1720 cfn
(Figure 3a), the dominant peak at 1761.7 én(labeled

from the*NHz experiments. The main peak, at 3477.4¢ém
has sites at 3486.6 and 3468.0cralthough overlap with*N
peaks may obscure the precise location of these sites.

HAINH ) increases 35% on photolysis and then diminishes 10  As in the!“NH3 experiments, there are two absorptions near
and 30% on annealing to 25 and 35 K, respectively. Nearby, the low-frequency limit. An absorption at 530.5 chshifts

a peak at 1739.8 cm declines by 50% on photolysis and then

only 0.1 cnt? from the*N counterpart and exhibits the same

grows 100% on annealing to 25 K and another 90% at 35 K. photolysis and annealing dependence. Similarly, a peak at 403.7

At 1899.5 cnTl, a peak (labeled HAINH) increases 50% on

cm~1 appears to track with the 406.7 ct“N absorption,

photolysis and remains virtually unchanged at 25 and 35 K. A although the low signal-to-noise ratio in this region makes

weak absorption at 1958.4 crhdecreases 65% on photolysis,
distinguishing it from the vast majority of peaks that show
increased intensity. Finally, a broad absorption near 1800 cm

determining photolysis and annealing behavior somewhat
problematic.

Al + NDj3. Figure 4c displays the best Al ND3 experiment

increases slightly on photolysis, but upon annealing to 25 K in the 850-540 cn1 region, and the higher frequency half of
develops into a strong doublet about 60% of the size of the the spectrum is dominated by strong N&nd weaker NHB

strong 1761.2 cmt band. This doublet, at 1800.6 and 1799.2
cm™1, grows by 120% upon annealing to 35 K and is unlike
any other band in the experiment.

In the N—H stretching region, only one distinct set of new

precursor absorptions. Among the new peaks is a sharp
absorption at 694.8 cm (labeled AIND,) which shows the same
photolysis and annealing behavior as the 726.3'dmand from

the NH; experiments. Matrix sites at 706.3 and 710.27ém

bands can be seen amid the interference from ammoniamatch the 730.9 and 734.6 cinsites from NH experiments.

absorptions. The peak at 3486.2crhas two site absorptions
at 3495.0 and 3476.8 cri, and these peaks grow 40% on

The strongest new absorption at 549.8¢rflabeled DAIND)
and evidence of small matrix sites to the blue and the red of

photolysis and decrease sharply on annealing. A weak NH this absorption, in addition to similar photolysis and annealing

band®*®was observed at 3125.7 ca All other absorptions
in this region are due to ammonia and ammonia clusfers.

behavior, make this peak the deuterated counterpart of the 704.6
cm! peak in Figure 4a from the A+ NH3 experiment. An



Reactions of Al Atoms with Ammonia J. Phys. Chem. A, Vol. 101, No. 28, 1995085

HAINH, cm 1 can be detected in the Nidpectrum (Figure 4a), but again
they are much larger in the mixed experiment. These five
intermediate peaks (labeled 2) track with the 704.6/549.8'cm
NH3/ND3 pairing, as each develops a strong matrix site to the
red upon 25 K annealing. These absorptions, then, are evidence
that this product has at least three hydrogen atoms. The absence
of a detectable absorption at 704.6 ¢naonfirms this hypoth-
esis. The presence of these intermediates in Figure 4c is caused
by incomplete deuteration of the manifold for these experiments,
while the presence of a trace amount of deuterium in thg NH
experiments is caused by incomplete passivation of the manifold
with NHj; following previous deuterated experiments.
850 800 750 700 650 600 550 Also in Figure 4b, there is a reasonably strong new absorption
at 713.1 cm? with sites at 716.9 and 721.0 cthh The main
Figure 4. Infrared spectra in the 85640 cn1? region following absorption tracks with those a.t 726.3 an(_ll 694.8cim Figure
pulsed laser ablation of Al atoms codeposited with Arg\NE00/1) 4a,c and suggests a product with two equivalent hydrogens. Note
samples on a Csl window at-& K: (a) Al + NHs, (b) Al + NHy/ that weak absorptions at 726.3 and 694.8 tare present in
NH2D/NHD2/NDs, and (c) Al+ NDs. Peak labels are explained in the  Figure 4b. Also in this spectrum is a band at 749.2 &rwhich
text. Note that the large Nfabsorptions in (b) and (c), as well as the s very near the 748.3 cm band in Figure 4c.
NHD; absorption in (b), have been pared to increase the clarity of (a). In Figure 5b, the new absorptions from the N&xperiments
AINH, appear with less intensity, and there are a few new peaks. The
NHD band at 1316.3 cnt is one such band. Nearby, a larger
peak (labeled AINHD) at 1343.8 cthtracks with the 1520.3/
1137.8 cm! bands from the Nkland ND; experiments. A
few peaks near 1366 crh appear to track with the 1524.9/
1151.4 cn1! bands and may correspond to a Nidode with
two inequivalent H atoms.

In the lower frequency region, the N@xperiments provide
no new absorptions, but the mixed H/D experiments yield new
peaks at 495.5 and 489.6 chn These bands track the NH
absorption at 530.6 cnd and indicate that the fully deuterated
counterpart of this product may absorb near or below 400tcm
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1600 1500 1400 1300 1200 Calculations. Table 2 presents the results of MP2 calcula-
Wavenumbers (cm”) tions on potential product molecules, including geometric and

Figure 5. Infrared spectra in the 166€L100 cm? region following frequency data. In the next section, there is discussion of our
pulsed laser ablation of Al atoms codeposited with ArgNH00/1) calculations relative to the more sophisticated ones by Davy
samples on a Csl window at-& K: (a) Al + NHs, (b) Al + NHy/ and Jaffrey in the context of the specific molecules. For HNAI
NH2D/NHD>/NDs, and (c) Al+ NDs. Peak labels are explained inthe  and HAIN, we obtained imaginary frequencies for the degenerate
text. bending mode and repeated the calculations using DFT/B3LYP
absorption at 748.3 cm (labeled DAIND) with a blue shoulder and obtained satisfactory geometries and frequencies, which are
similarly matches the 778.8 crhpeak from NH. presented in Table 2.

The ND; absorptions are less of a problem in Figure 5¢, from
1600 to 1100 cm!. Very little AlH is formed, but an AID Discussion
peak at 1157.4 cmi is clearly evident, as is Npat 1106.7
cml. The sharpest of the new absorptions at 1137.81cm Identification of products makes use of isotopic vibrational
(labeled AIND) increases 40% on photolysis and decreases on frequency shifts involving nitrogen and hydrogen and calcula-
annealing, making it the ideal partner for the 1520.3 tpeak tions of energies and vibrational frequencies of potential product
in Figure 5a from the AH NH3 experiment. Between the molecules. While the calculations of Davy and Jaffrey are
1137.8 cmi! absorption and the AID band are peaks at 1147.2, higher level than the MP2 calculations presented in this article,
1149.4, and 1151.4 cm. These bands increase 20, 55, and Our results agree quite well and provide isotopic data and
35%, respectively, on photolysis, and the annealing behavior is 0scillator strengths to help in the identification process.

listed in Table 1. Of these bands, the 1151.4 Eband (labeled Species 1: AINH. Davy and Jaffrey predict that AINHs
DAIND) tracks best with the 1524.9 cthabsorption from the planar with two equivalent hydrogens and much more stable
NH3 experiments. than its other isomers, 4AIN and HAINH.! The present MP2

Al + NH3/NH,D/NHD,/ND3. Mixed H/D experiments calculations agree (Table 2) and suggest that there should be a
provided all four possible ammonia isotopic combinations, with strong AN stretching mode near 750 cih Table 3 presents
more deuterium than hydrogen in the present sample as;NHD experimental and calculated evidence for the presence of AINH
had the strongest precursor. In Figure 4b, some peaks ariseThe observed peak in NHexperiments at 726.3 cmh is
that also are present in the NBpectrum, but several new peaks assigned to the AIN stretch, especially considering theN
arise as well. The 549.8 cthabsorption is smaller than in the  peak shifts to 713.3 cnt. The nitrogen isotopic 14/15 ratio in
ND3; experiment but is accompanied by a larger band at 644.2 the experiment, 1.018 23, closely matches our calculated ratio
cml, a peak present with much less intensity in thesND of 1.018 45. Given the identical photolysis and annealing
experiments. Peaks at 575.0, 580.2, and 651.1'aran also behavior, the peak at 694.8 cinmust also be due to AIND
be detected in the NPexperiments but are much larger in the also in good agreement with calculations. Because this molecule
mixed H/D spectrum. The 651.1 cthpeak and a peak at 655.5 has two equivalent hydrogen atoms, there should be a single
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TABLE 2: SCF Energies, Geometries, and Vibrational Frequencies for H/AI/N Species Calculated Using the MP2 Method

selected frequencies (intensities)

species energy (au) bond lengths (A) bond angles (deg) for natural isotopes (crmt and km/mol))
Al(NH2), —353.162 73 ran = 1.83;rwy = 1.02 Onan = 122.7;0m = 119.7;  3657.1 (45), 1622.0 (118), 806.8 (122), 386.9 (415)
DHNH =107.6
Al(NH), —351.890 26 ran = 1.66;rnn = 1.01 Onan = 180.0;0nnar = 180.0 3783.3 (916), 905.3 (3614)
H2A|NH2 —298.710 69 Fanm = 1.58;I’A|N = 178, Onan = llS.l;DHAm = 1239, 2005.4 (212), 838.4 (203), 780.2 (149), 639.0 (163),
I'nNH = 1.02 DHNAI = 124-9;DHNH =110.3 470.7 (312)
HAlNHz —298.102 20 Fan = l.60;rA|N = 179, Onan = 116.3;DHNH = 1103, 1910.3 (151), 1626.4 (47), 808.1 (91), 765.7 (125),
rww = 1.02 Oann = 124.4,125.3 439.4 (277)
AlNH3 —298.068 46 ran = 2-35;rNH = 102,103 Oane = 1088, 113-1DHNH = 3621.1 (40), 3620.7 (33), 1711.6 (46), 1257.3 (185)
107.9, 106.8
HzAlNH —298.052 58 ran = l.58;rA|N = 179, Opan = 1202, 120-3DAINH = 3752.0 (67), 1996.9 (74), 1994.8 (239), 847.8 (353),
i = 1.01 179.9;0pam = 119.5 655.4 (358), 586.2 (70)
AlNHz —297.539 42 ran = 1.80;rNH =1.02 DAINH = 1256,DHNH =108.8 3653.9 (23), 1616.4 (66), 750.7 (90), 446.4 (276)
HAINH —297.455 05 ran = 1.56;ran = 1.66; Onan = 161.9;0ann = 147.5 3705.0 (90), 2078.3 (43), 506.7 (27), 317.0 (110)
I'nNH = 1.02
HNAIP —296.861 25 ryy=1.02;ran = 1.76 Onnal = 135.5 3531.5(3), 757.3 (17), 489.3 (365)
HAIN®  —297.661 79 ram = 1.55;ran = 1.64 Ohan = 180.0 2057.6 (12), 1079.5 (30), 481.2 (2x50)

anequivalent bonds? Geometry and vibrational frequencies determined using the B3LYP/DFT method with 6-311G* basis set. The energy
listed is from an MP2 calculation to provide for comparison with the other species in this table, but the MP2 calculation also yields imaginary

vibrational frequencies for the bending mode.

TABLE 3: Observed and Calculated Vibrational
Frequencies (cnT?) for AINH ,

AINH AlISNH, AIND, AINHD
obs 3486.2 3477.4
MP2 3653.9 3643.8 2691.0 3601.7, 2624.2
ccs 3660
obs 1520.3 1514.9 1137.7 1348.8
MP2 1616.4 1611.1 1205.0 1429.2
CCsp» 1585
obs 726.3 713.3 694.8 713.1
MP2 750.7 737.1 712.4 738.7
Cccs» 750
obs 406.7 403.7
MP2 446.4 443.4 346.9 399.8
Ccsp» 413

a Reference 1, using TZ2P basis set.

AINHD peak in the mixed hydrogen isotope experiments, and
this peak lies at 713.1 cnh.

AINH» should also have a “scissors” motion of the NH

motion of this molecule. The observed 3.0 ©ni4—15 shift
matches the calculated value.

One final band observed for this molecule is the-Il
asymmetric stretching mode at 3486.2¢mith sites at 3476.8
and 3495.0 cm'. These absorptions are sufficiently seperated
from the ammonia peaks as not to be ammonia cluster bands,
but this is probably not the case for the deuterated counterparts,
because no matching absorptions could be found. Ne
absorption lies at 3477.4 crhwith sites at 3468.0 and 3486.6
cmL. The nitrogen 14/15 isotopic ratio, 1.002 53, is in good
agreement with the calculated ratio, 1.002 77, for the N-H
antisymmetric stretching mode.

Species 2: HAINH. Although the AN stretching mode
of AINH ; at 726.3 cmit is prominent in Figure 1a, the dominant
species 2 product absorption lies at 704.6-&mith a 15N
counterpart at 700.9 cmh. Such a small nitrogen isotopic shift
compared to the nearby AINHbeaks indicates that this mode
is not due to an AtN stretch. That the deuterium shift is far
greater than that of AINkindicates that hydrogen plays a much

group, and according to MP2 calculations, this mode should be |3rger role than nitrogen in this vibrational mode. Just as Davy

of nearly the same intensity as the-A\ stretch (Table 2), but
with a smaller nitrogen isotopic shift. The 1520.3/1514.9tm

and Jaffrey calculated the molecule Alii® be the most stable
of the possible AINH isomers, they also calculated HAINH

pair of peaks has the same photolysis and annealing behaviokg pe the most stable AINHsomer. HAINH, has a calculated

as the ARN stretch of AINH and is assigned to this scissors
motion. The predicted 5.3 cmh shift nearly matches the
observed 5.4 cri shift, and the calculated frequencies are only
6.3—6.4% high. For AIND, the obvious counterpart is the
sharp band at 1137.7 crh while the 1343.8 cm band, strong

in the NHy/ND3 experiments, represents this mode for AINHD.

NH; rock at 770 cm? (765.7 cnt? for the MP2 calculations).
In the mixed hydrogen isotopic experiments (Figure 5b), there
were several peaks of varying intensities with the same
photolysis and annealing behavior. That there are five of such
peaks between those of the plahd ND; experiments indicates
that there are at least three distinct hydrogens in this molecule

Again, Table 3 presents the comparison between experimentand confirms the observation of HAINHwith the structure

and theory which is in accord with this assignment.

Although the AFN stretch and Nkiscissors are the two most
prominent modes of AINEIpresent in these experiments, the

calculated in ref 1. According to the previous and presdnt
initio calculations, HAINH is planar with three inequivalent
hydrogens and a terminal NHyroup. As a result, we have

calculations predict that the strongest mode (by more than acalculated eight distinct vibrational frequencies for the .-NH
factor of 3 over the next most intense mode; see Table 2) shouldrocking mode for all of the hydrogen isotopic combinations.

occur at 446.4 cmt for AIY*NH, and 443.4 cm? for AI15NH,,
with frequencies below 400 cr for the AINHD and AIND.

These frequencies as well as those for other modes of this
molecule are presented in Table 4. The intensity of the

Unfortunately, the instrument frequency range does not extendabsorption depends largely on the isotope of the hydrogen

below 400 cnt?, and the detector response near 400 i

much lower than in the middle of the spectral range. Neverthe-

less, an absorption at 406.7 thin the NH; experiment and a
similar absorption at 403.7 cthin the 15N H3 experiment show

bonded to the aluminum. This factor, combined with the

abundance of deuterium relative to hydrogen in this experiment,
accounts for the observed peak intensity distribution in Figure
5b, with only HAINH, and DAINH, not observed.

approximately the same photolysis and annealing behavior as Both sets of calculations predict the-AN stretching mode

the other modes of AINKand are assigned to the out-of-plane

to occur less than 100 crhhigher in energy than the NHock.
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TABLE 4: Observed and Calculated Vibrational
Frequencies (cnT?) for HAINH ,
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In Figure 5b, weak absorptions at 1356.6, 1360.2, and 1365.6
cm! track reasonably well with the other bands and may be

HAINH, HAI'SNH, DAIND, mixed H/D* due to mixed isotopes, but due to the weakness of these peaks,
obs 1761.7 1761.7 1282.7 1761.7,1282.7 a definitive aSSignment is not pOSSib|e.
MP2 19103 19103  1376.4 1375.8,1910.2,1910.2 An EPR study of the reaction of ground state Al atoms with
1375.5,1374.9, 1910.2 NHs in an adamantane matrix at 77 K suggested the HAINH
CISD? 1972 molecule as a product but proposed bridging of one amine
obs 15249 15217 = 11514 1365.6,1360.2 hydrogen to the aluminum atofn.Such a structure is not in
MP2 16264 1621.0 12141 l&??ﬁ'ﬁﬁ‘.‘g'?’zﬂ?'(s agreement with the present and eatlfeelectronic structure
CISD® 1627 calculations nor with the infrared observation of a terminal
obs 778.7 766.9 7483 74927 H—N-—H “scissors” bending mode for this molecule. Further-
MP2 808.1 794.6 763.6 805.5,796.2, 804.3 more, the strongest mode involving in-plane rocking of the AlH
794.2,798.6, 766.1 hydrogen, and the Njhydrogens would be vastly different for
Cisb> 836 the EPR structure from that calculated and observed here for
obs 704.6 700.9 549.8 655.5,651.2,644.2,580.2, Seven isotopic molecules.
575.0 Species 3: HAINH. The other reasonably intense absorption
MP2 7657 760.7 594.9 63741.253'7627593'168%?2'8 in the Al—H stretching region occurs at 1899.5 chwith sites
cIs® 770 ' ' at 1890.9 and 1887.8 cth  Unlike most other peaks in these

aFor MP2 calculated mixed H/D frequencies, the top row lists
DAINH, first, followed by both versions of HAINHD. The bottom

experiments, this absorption increases strongly on annealing
(Table 1). The trace of this product in the mixed H/D

row lists DAINHD first and second, followed by HAIND® Reference experiments suggests no more than two hydrogens for this
1, using the DZP basis set.

molecule. Although it is calculated to be much less stable than
the AINH, isomer, HAINH is the source of these absorptions,

The peak at 778.7 cm, with a matrix site at 785.3 cm, seems with the DAIND band at 1384.3 cd. MP2 calculations predict

to fit the description quite well. For tHéN counterpart at 766.9  HAINH and DAIND absorptions at 2078.3 and 1507.6 ¢m
cm1, the nitrogen isotopic shift of 11.8 crh compares respectively, with a hydrogen isotopic ratio of 1.378 55, in
favorably with the MP2 value of 13.5 cth  For ND;, the peak excellent agreement with the observed ratio of 1.372 17. For
at 748.3 also tracks with these bands, and the 1.040 76 nitrogerHAI15NH, there is no predicted isotopic shift, as observed. For
isotopic ratio is less than the calculated value of 1.058 28 HAIND, the predictions give a shift of only 0.1 crh from
because of anharmonicity and the tendency of open-shell HAINH, which is less than the resolution of the instrument and
calculations to be a bit less reliable than their closed-shell accounts for much of the observable intensity at 1899.5'cm
counterparts. Unfortunately, NDprecursor absorptions pre- in the mixed H/D experiments. For DAINH, the predicted
clude observation of mixed hydrogen isotopic modes. Never- frequency is only 0.7 cnt higher than for DAIND and accounts

theless, the location of the assigned peaks in theNA$tretching for the breadth of the nominal 1384.3 chpeak in the mixed
region, as well as isotopic shifts consistent with such a mode H/p experiments.

and similar photolysis and annealing behavior to other modes
of the molecule, confirms the assignment.

One of the strongest modes of this molecule is the Al
stretching mode, calculated at 1910.3@rfor HAI'*NH,. The
absorption at 1761.7 cm (with matrix site at 1739.8 cri)
tracks with the other peaks for this molecule and, as predicted
by the calculations, does not shift perceptibly in tHél
experiment. Upon deuteration, this mode shifts to 1282.7'cm
(with matrix site at 1269.4 cmi), and the isotopic ratio of
1.373 43 compares favorably with the theoretical prediction of
1.387 90. For mixed isotopic experiments, no intermediate
peaks are observed, and the calculations predict this to be th
case (Table 4).

Although we could not observe the strongest predicted mode
(above 400 cm?) of this molecule, the NH stretch calculated
at 3705.0 cm! (Table 2) is probably masked by ammonia and
ammonia cluster absorptioh$The Al—H stretch calculates as
the second most intense absorption in the observable region,
and the third is the linear bend of the hydrogens toward each
other (i.e., one rotating counterclockwise, while the other rotates
clockwise). For H*AINH, this mode is predicted at 506.7 cfn
and has a 0.6 cmd 1N shift. In the experiment, a mode at
530.6 cnt?, with 15N counterpart at 530.5 cr, matches the
galculations reasonably well and tracks with the-Al stretch
of this molecule. Although MP2 calculations usually overes-

As with AINH,, HAINH has a terminal HN—H bending timate vibrational frequencies, they occasionally underestimate
mode, and this occurs at 1524.9¢ For 15N, this mode shifts ~ Pending moded&? Reference 1 reported this bending mode at
to 1521.7 cml. Both peaks increase on photolysis and decrease 498 T, in very close agreement with the MP2 results and
upon annealing to 25 K, as with the other HAINRlodes. For  Still 6.5% lower than the observed value. For DAIND, the
DAIND, there are a few candidates near 1150 ror this predicted frequency for this mode is at 367.8 ¢émbut no
band, but only the 1151.4 crh absorption shows the proper corresponding peak could be observed in the low signal-to-noise
postdeposition behavior. The 1149.4 and 1147.2%cbands  region just above 400 cm. In the mixed H/D experiments,
are likely matrix sites of the AINDpeak at 1137.8 crt and however, two absorptions that upon photolysis and annealing
correspond to the AINEmatrix sites at 1533.5 and 1537.7 ¢ behave like the 530.6 cm peak appear at 495.5 and 489.6
MP2 calculations predict frequencies of 1626.4, 1621.0, and ¢cm™ %, the former more intense than the latter. The linear bend
1214.1 et for HAINH,, HAI'SNH,, and DAIND;, respec- of HAIND is predicted at 449.5 cni, and the same mode
tively, and the nitrogen and hydrogen isotopic ratios are in calculates at 455.2 cmi for DAINH, with the latter (i.e., higher
reasonable agreement with experiment (Table 4). For the mixedfrequency) mode having a calculated intensity of 40 kmThol
hydrogen isotopes, the calculated intermediate peaks lie betweerys 26 km mot? for the former, in rough agreement with
1440 and 1450 cmi. Because the observed HAINHand experiment. Although the observed frequency shift between
DAIND, absorptions appeared at frequencies 6% lower than HAINH and DAINH is 30% lower than predicted, the shift
predicted, one expects to see intermediate peaks near 1380 cm between DAINH and HAIND is quite close to the calculations,
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and the postdeposition behavior of these absorptions tracks thenstretching modes, suggesting further that this unstable product

with the Al—H bands of HAINH.

In reactions of boron with ammonia, HBNH was the major
product, and the identification of BNHvas tenuou8. With
the larger aluminum atom, however, AINk$ a major product
and is calculated by MP2 to be 52.9 kcal miaf40.9 kcal mot?
in ref 1) more stable than HAINH. Also, unlike HBNH, HAINH
is calculated by both methods to be trans-planar, not linear. This
seems to indicate that the formation of HXNH compared to
XNH,, where X is either Al or B, is different for each of the
group Il atoms.

Purely on the basis of thermodynamics, then, despite the
prominence of HBNH in the borerammonia experiments, one
might not expect any observable HAINH in the present spectra.
Nevertheless, Davy and Jaffrey also calculated a high intercon-
version barrier (72.4 kcal mot) between the two. Thus, some
HAINH forms via the reaction of energetic Al atoms and relaxes
before conversion to AINKH The strong barrier to intercon-
version keeps the two products from equilibrating (i.e., forming
more AINH, at the expense of HAINH) during the matrix
condensation process. On annealing HAINH can form by
diffusion and combination of AIH and NH fragments.

Species 4 and 5: Al(NH); and AI(NH)». In Figure 1, two
sets of peaks form nitrogen isotopic triplets, indicative of
products with two identical nitrogen atoms. That these two
products do not appear in the NBxperiments indicates that
they each possess at least one hydrogen atom. Therefore, th
likely products would be aluminum bonded to two ammonia
molecules or two identical ammonia fragments. For AINH
both ref 1 and our calculations indicate that the-Al bond is
weak and that the absorption should occur at 200%cfref 1)
or 237.6 cnm! (MP2). Al-N bonds are stronger (formally
double bonds) in AINHthan in AINH;, and the reported value
of 726.3 cnt! for the Al—N stretch is in accord with this. MP2
calculations on Al(NH), yield two low imaginary frequencies,
but the remaining frequencies are in accord with what would
be expected of such a product given the results for AINIHhe
strongest calculated observable peak occurs at 806.8with
one nearly equally as strong at 1622.0émFor Al(**NH,)(*>-
NH,), these peaks shift to 801.4 and 1619.0 émespectively,
and shift further to 795.4 and 1617.2 chfor Al(**NH,),. The
observed triplet at 747.7, 742.3, and 737.5ématches these
calculations well, as each is ~3.4% lower than predicted.
For the upper mode, the broad collection of peaks at 154%,cm
which shifts to approximately 1537 crh fits the calculation
reasonably well and is tentatively assigned to the; Néissors
motions of Al(NH),.

For the triplet at 833.1, 827.2, and 821.4 dn{plus blue
matrix sites for each), one should anticipate a strongerM\l
bond. Because aluminum can form stronger bonds with
nitrogens when there are fewer hydrogens attached, A{NH)
seems a likely choice. Although calculations for this radical
also yield negative frequencies for some of the lower frequency
modes, the prediction of an AN stretch at 905.3 cri (8.7%
higher than experiment) seems quite reasonable. This mode i
predicted to be the most intense absorption. The predictions
for AI(*NH)(*5NH) and AI(5NH), are 898.6 cm! (+8.6%)
and 891.8 cm! (8.6%), respectively. It is interesting to note
that a trace of HNNH was detected in these experiménts.

Other Bands and Potential Products. The peak at 1958.4
cmtin the Al—H stretching region and the matching-AD
peak at 1436.1 cmt are both nearly destroyed upon photolysis,
suggesting an unstable product with an-M stretch. In the
mixed H/D experiments, both of these peaks can be seen with
an approximate 2:1 ratio between the-A) and Al-H

S

has a single hydrogen. On the basis of this information, then,
it seems that this product might be HAIN, which has B3LYP
calculated frequencies of 2057.6 and 1496.3 tfor HAIN

and DAIN, respectively. Both the AIN stretching mode,
calculated at 1079.5 cm, and the degenerate bending mode
at 481.2 cm! are calculated to be more intense than the Al
stretch, but no evidence of these modes is observed. Table 2
also suggests that HNAI should be far more stable than HAIN,
because N-H bonds are stronger than-Al bonds, but no
evidence for HNAI is found. It may be that the mechanism for
forming HAIN (e.g., AIH bashing ammonia fragments while in
the hot laser plume) is much more facile than that for HNAI,
and it is then trapped effectively before declining precipitously
upon photolysis. Nevertheless, because of the absence of the
lower frequency modes, a definite assignment of HAIN cannot
be made.

The other curious absorptions are the doublets at 1799.2 and
1800.6 cn1! for NH3 experiments and 1797.9 and 1799.4¢ém
for ND3 experiments. Their enormous growth on annealing
indicates that they may be aggregates of some kind. The small
hydrogen isotope shift indicates that this cannot be ankl
stretching mode. Because the level of impurity in the system
was very low, this peak must be of a product with only Al, N,
and H. The small isotope shift, then, is more suggestive of an
electronic transition of an aggregate, with the isotope shift due
Ehe difference in zero-point energy.

Few, if any, other higher order products were detected in the
experiments. Although calculated to be not much less stable
than HAINH,, there is no evidence for AINfHor H,AINH in
the spectra. According to the MP2 calculations, AiNghould
have its strongest absorption at 1257.3 &nwith a 6.6 cnt?!
nitrogen shift and a 301.4 crh hydrogen shift. Small peaks
at 1195.2 and 1189.3 crhfor N and!®N, respectively, may
correspond to AINH, but the lack of information on other
modes, due mainly to overlap with parent Nidodes, prevents
any positive identification. The AN stretch of this species
is very weak, calculated at 237.6 chand not observable in
these experiments. ForAINH, MP2 calculations predict that
there should be two dominant absorptions at 655.4cfwith
a 0.9 cnt! N shift) and 847.8 cm! (with a 1.0 cnt! 15N
shift). Nothing in the spectra is consistent with these predic-
tions. Calculations on higher order molecules, such as AINAIH,
HoNAIH,, and BNAINH, are also not consistent with the
experimental data. Finally, if the higher Al(NH complexes
suggested by the EPR stiddyere produced here, their infrared
spectra could not be distinguished from unreacted pHdcursor
absorptions.

Reaction Mechanisms Some comments on the reaction
mechanism are appropriate. The marked growth of Alidktd
HAINH ; absorptions on broad-band photolysis (2480 nm)
and the decrease on annealing show that electronically excited
Al atoms are required for the insertion reaction. This is in
agreement with earlier studies on the reaction of Al atoms with
H, and with CH,.17:2223 The excited (HAINH)" species formed
during condensation with translationally/electronicallyfét
Al atoms can eliminate H, AlH, N or NH to form products
or be collisionally quenched by the condensing argon matrix,
thus trapping the insertion product HAINkholecule which is
identified here.

Conclusions

This article has presented experimental and computational
evidence for at least three new products containing aluminum,
nitrogen, and hydrogen. The major reaction products are
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HAINH, and AINH,. The minor products, HAINH and possibly
HAIN, are detected in the argon matrix despite having much
more stable isomeric forms. B_y contrast, some moI(_acuIes, _such (9) Howard, J. A.; Jolly, H. A.: Edwards, P. P.; Singer, R. J.: Logan,
as HAINH, do not appear in the spectra despite having p g 3 am. Chem. S0d992 114 474.

calculated energies near those of observed products. Three (10) Gaussian 94, Revision B.1: Frisch, M. J.; Trucks, G. W.; Schlegel,
interesting differences are found with boreaammonia reaction H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R;

; ; ; ; ; Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
products. The primary insertion product with aluminum, Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B,

HAINH >, is trapped in large yield whereas decomposition t0 cigslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,
the linear HBNH molecule was favored with boron; in contrast, C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.

the major decomposition product was AlNMith aluminum. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J,;

Finally, no evidence was found for secondary aluminum reaction 52ker: 3 Stewart, J. P.; Head Gordon, M.; Gonzalez, C.; Pople, J. A.
products, whereas BNBH was a major product in beron
ammonia experiments®

For the most part, MP2 calculations are comparable to the
more sophisticated CISD and CCSD calculations of Davy and
Jaffrey! especially for the major products AINFnd HAINH,
observed here. Such results should allow further work er\l|

compounds with the present experimental arrangement using

laser ablation and matrix isolation spectroscopy supported by
reliable and relatively inexpensive computations.
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