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Laser-ablated aluminum atoms react with dinitrogen on condensation at 10 K to foradidal and the
subject molecules, which are identified by nitrogen isotopic substitution, further reactions on annealing, and
comparison with isotopic frequencies computed by density functional theory. The majgrpfdduct is
identified from three fundamentals and a statistically mixed nitrogen isotopic octet pattern. The aluminum
rich Al,N and AkN species are major products on annealing to allow diffusion and further reaction of trapped
species. This work provides the first experimental evidence for moleculbly 8pecies that may be involved

in ceramic film growth.

Introduction min to 2 h. Nitrogen (Matheson) and isotopi; (Isotec),N,

+ 15N, and N, + NN + 15N, (Isotec) mixtures were
employed. Infrared spectra were recorded with 0.57tm
resolution and 0.1 cr# accuracy on a Nicolet 750 instrument.
Matrix samples were annealed to different temperatures, and
selected samples were subjected to broad-band photolysis by a
medium-pressure mercury arc lamp (Philips, 175 W) with the
globe removed (246580 nm).

The importance of aluminum nitride as a semiconductor and
ceramic materidlhas led to numerous investigations of the solid
materiat and its formation by chemical vapor deposition (CVD)
from reactions of aluminum alkyfs? The only molecular form
yet investigated, AIN, has been observed by emiSsiamd
investigated by post-Hartred=ock ab initio calculation&’ To
prepare ANy species of relevance to the CVD process, laser-

ablated Al atoms have been reacted with ammén&uch Density functional theory (DFT) calculations were done for
compounds have been modeled by electronic structure calculaPotential product molecules expected here using the Gaussian
tions? 94 programt® Most calculations employed the hybrid B3LYP

A recent investigation of laser-ablated Ga atoms and nitrogenfU”CtiO”a| but comparisons were done with the BP86 functional
revealed a series of @4, species that increase stepwise on a5 well2"18The 6-311+G* basis set was used for both Al and
annealing to allow diffusion and reaction to form {Saand N atoms;® and the cc-pVDZ set was employed in several
GaN in a manner that might approximate gallium nitride film |r)vest|gat|on§.O Geometries were 'fuIIy optlmlzeq aqd frequen-
growth 10 The stability of similar A{N and AINs molecules has ~ Ciés were calculated from analytic second derivatives.
been verified by recent electronic structure calculatiéns.

However, investigations of the BiNeaction revealed NBNN Results
as the most abundant proddéts Here follows a combined ) ) _
matrix infrared spectroscopic and density functional theoretical ~ nfrared spectra and density functional calculations of alu-

study of novel AIN, molecular species. minum—nitrogen reaction products will be presented in turn.
Infrared Spectra. Representative infrared spectra are il-
Experimental and Computational Methods lustrated in Figures 1 and 2 for Al in pure nitrogen for three

regions, and product bands are listed in Table 1. The strang N
radical?2! absorption at 1657.7 cni (not shown) is 13 times
stronger than the N band at 2003.3 cri. As a measure of
limited oxide contamination, the NO band at 1874.7 ¢ris
very weak A = absorbance= 0.001, not shown) and trace &)
is detected at 988.7 crh (A = 0.005)22 The major aluminum
product absorbs at 2150.9/2144.0¢m1391.9/1386.0 crt,
and 509.7 cm! (not shown) withA = 0.036, 0.006, and 0.004,
respectively. Another product has bands at 1501.6 and 956.7
« E-mail: Isa@virginia.edu. cm* and another at 777.9/770.3 chand different products
t Permanent address: Laser Chemistry Institute, Fudan University, @0SOrb at 656.9 and 650.7 ctSeveral experiments were done
Shanghai, P. R. China. to minimize the NO and AD contamination. Finally, an
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The technique for laser ablation and infrared matrix investiga-
tion has been described previoush}#15The aluminum target
(Aesar, 99.998%) was mounted on a rotating rod. The 1064
nm Nd:YAG laser beam (Spectra Physics, DCR-11) was focused
on the metal target. Laser energies ranging from 20 to 60 mJ/
pulse were used in the experiments. Ablated aluminum atoms
were co-deposited with pure nitrogen or2% N, mixtures in
argon onto a 10 K Csl window at a rate of2 mmol/h for 30
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Figure 1. Infrared spectra in the 2260990 and 15261360 cnt?
regions for laser-ablated Al atoms co-deposited withaN10 K: (a)
sample co-deposited for 30 min; (b) after annealing to 25 K; (c) after
240-580 nm photolysis; (d) after annealing to 30 K; (e) after annealing

to 35 K.
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Figure 2. Infrared spectra in the 1086%90 cnT? region for the same
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experiment as Figure 1.

experiment with the lowest laser energy used here markedly 1501.6 1474.9 1501.6, 1474.9
reduced the 956.7 and 779.9/770.3@rhands relative to other

products.

Similar experiments were done witiN,, and the shifted
bands are reported in Table 1. Analogous investigations with 1061’9 1040.7
14N, + 15N, and N, + 1NN + 15N, mixed isotopic samples
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Figure 3. Infrared spectra in the 216@060 cnt?! region for pure
nitrogen isotopic samples co-deposited with laser-ablated Al atoms after
annealing to 25 K: (a}*Ny; (b) °Ny; (c) 50% N, + 50% *°N,; (d)

25% YN, + 50% “N**N + 25% 5N, (major site octet indicated).

TABLE 1: Infrared Absorptions (cm ~1) for Laser-Ablated
Al Atom Reactions with Pure N, during Condensation at
10 K

14N2 15N2 14N2 + 14N15N + 15N2

2327.6 2250.3 2327.6, 2289.6, 2250.3
2178.4 2106.5
2172.3 2100.6

14N2/15N2 ident

1.03435 N
1.03413 ¢N-AINNN)
1.03413 ¢N-AINNN)
2167.9 2096.4 weak intermediate bands  1.0341%- {AINNN)
2150.9 2080.1 1.03404 AINNN site
2144.0 2073.2 2144.0,2138.7 2125.1, 1.03415 AINNN

2119.4, 2098.8, 2093.4,
2079.5, 2073.4

2077.8 2009.6 1.03394 -XN3~
2003.3 1837.5 2003.2,1992.7,1981.7, 1.03396 N~
1959.4,1948.7,1937.4
1874.7 1841.8 1.01786 NO
1657.7 1603.5 1657.7,1649.3, 1640.0, 1.03380 N
1621.5, 1613.0, 1603.5
1.01810 AINAI
1.03456 AINNN site
1.03417 AINNN

1391.9 13454
1386.0 1340.2 weak intermediate bands

gave important diagnostic multiplets. Isotopic spectra are
compared in Figures-35, and the multiplet absorptions are

listed in Table 1.

Experiments were also conducted with 2 and 4Ydiuted
in argon, and product bands were weakepQA\vas detected
at 992.8 cm?, but no evidence was found for the major product
near 2150 cm! in pure nitrogen. Four absorptions in argon are
noteworthy: a weak sharp 1991.9 chband, a broad 1636.1
cm~1 absorption, and features at 924.5 and 773.Icriithe
1991.9 cn! band decreased on annealing while the 1636.1

1132.8 1106.0 1.02423 M,
6.8 1100.4 1.02399 A,
1.0204 AV,
1054.3 1033.4 1.0202 A,
956.7 931.7 956.7,931.7 1.02683 AINAI
9232 899.4 923.2,909.2, 899.4 1.02646 b
777.9 758.6 777.9,758.6 1.02544 Nl
7703  751.2 770.3,751.2 1.02540 NI
680.0 664.9 680.0, 773.0, 664.9 1.02271,My# -(No)s
656.9 645.4 656.9, 649.5, 645.4 1.01782 NAIN
650.7 636.5 650.7,636.5 1.02231-NAIN
648.2 634.0 648.2,640.8,634.0 1.02240M
632.7 612.3 632.7,618.2,612.3 1.03332,M)l
623.6 605.8 624,610, 606 1.02872 4}
602.6 589.4 602.6,589.4 1.02240 ,N}
509.7 501.5 1.01635 AINNN
4725 486.7,472.5 1.03005 )

cm~! band increased and then decreased, and the latter two 486.7
bands increased and remained through the final annealing. These

bands shifted to 1926.3, 1582.4, 900.7, and 753.9%awith

Calculations. Langhoff et al. performed CASSCF and MRCI

15N, in argon. An experiment with 29N, + 2% 15N, gave a
sharp quartet at 1991.9, 1981.5, 1937.7, 1926.3c@ 2:1:2

calculations on théll ground state of AIN and found 744 ctn
and 1.816 A and 746 cm and 1.813 A harmonic frequencies

triplet at 924.5, 910.5, 900.7 ¢t and a doublet at 733.0, 753.9  and bond lengths, respectivélpur B3LYP/6-31%G* calcula-
cm L A statistical mixed isotopic sample gave a sharp sextet tion gave 730 cm* and 1.805 A for the AIN ground state, which

with additional 1970.5, 1948.4 cmh bands, a 1:2:1 triplet at
924.5, 910.5, 900.7 cM, and a similar 773.0, 753.9 crh

are in very good agreement and serve to “calibrate” the
calculations reported here. The B3LYP/cc-pVDZ calculation

doublet. Several weaker bands are also listed in Table 2. Thegave 717 cm® and 1.821 A.

sharp 1991.9 cmt band appears to be due tozNand the

broader 1636.1 cni absorption to N in solid argont?21

For Al;N, we considered three isomers, a triangle, AIAIN
and AINAI, and the?Z,™ AINAI species was the most stable
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Figure 4. Infrared spectra in the 96895 cnt? region for same pure
nitrogen isotopic samples as in Figure 3.
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Figure 5. Infrared spectra in the 766680 cnt? region for same pure
nitrogen isotopic samples as in Figure 3.

TABLE 2: Infrared Absorptions (cm ~1) for Laser-Ablated
Al Atom Reactions with N, in Excess Argon during
Condensation at 10 K

N, BNy, N+ NN+ 1N, N/N,  anneakident

1991.9 1926.3 1991.9, 1981.5, 1970.51.03400 —, N3~
1948.4,1937.7, 1926.3

1636.1 1582.4 covered by water 1.03394, N
981.3 9559 981.3,955.9 1.02668-, AINAI
974.8 949.4 974.8,949.4 1.02670-, AINAI site
9245 900.7 924.5,910.5,900.7 1.02642, (Al2N),
773.1 753.9 773.1,753.9 1.02547, AlsN
651.4 637.3 651.4,644.1,637.3 1.02212, AN,
601.1 588.1 607.0,593.7 1.0221%, AlNy
486.0 472.2 486.0,479.5,472.2 1.02922, ANy

a Similar experiments with 0.3%N, and with 0.3%"°N, in neon
on a 4 K substrate gave broad 1645.7 and 1590.7 'cimands,
respectively, for N radical in solid neon? Annealing behavior:—
denotes decreas#, denotes increase.

(theCy, form is 54.5 kcal/mol higher and th&.,, structure 76.6

kcal/mol higher at the B3LYP/cc-pVDZ level). Table 3 shows
that the cc-pVDZ set gave slightly longer (0.017 A) bonds and
a 47 cn! lower antisymmetric stretching frequency than the

6-311+G* set for ALN. The ALN molecule has a high
computed A-N—AI frequency near that for AHO—AL.
Following our work with boron where NBNN was the major
product specie¥13 we calculated NAINN and found'A')
NAINN to be 73.0 kcal/molabave (=) AINNN aluminum

Andrews et al.

azide, presumably owing to weaker-AN bonds. Our results
for AINNN (Table 3) are in accord with recent MP2 calcula-
tions!! Similar B3LYP calculations were done with NBNN and
BNNN for comparison, and the boron azide is 34.0 kcal/mol
higher. The BNNN stretching frequencies are 2324 {742
km/mol), 1519 (536), and 979 (128). Also, following our
observation of NBN? the aluminum analogue was calculated
to have &1, ground state.

After finding AlxN to be a stable radical, the saturatedMl
molecule was computed to be very stable. The-Klbond
lengths and highest frequencies (B3LYP) suggest that the
molecule is essentially trigonal planar, in agreement with higher
level calculationd! Figure 6 illustrates the geometries of
important ALNy species.

Discussion

The new product absorptions will be identified from isotopic
shifts, splitting patterns, and density functional isotopic fre-
guency calculations.

AIN. The first product to be considered is AIN; the gas-phase
fundamental is 746.8 cm and theoretical calculations sustain
this assignmerft.” Although the 676-760 cnt? region contains
no significant absorption, a 650.7 ciband grows slightly on
annealing and almost disappears on photolysis (Figure 2). This
band shows a 14/15 isotopic frequency ratio of 1.02231, which
is just below the harmonic AIN diatomic ratio of 1.022 64.
Furthermore, the 650.7 cthband exhibits a doublet in mixed
isotopic spectra providing evidence fa single N atom
vibration. The gas phase-to-nitrogen-matrix shift is excessive
for an isolated molecule so we believe a better assignment for
the 650.7 cm! band is to a perturbed AIN molecule. We note
that AIN is a[T state and that both NAINN and AlNare singlet
states. Although AINNN (see below) increases on annealing,
there is no evidence for the higher energy NAINN isomer.
Perhaps, the perturbation is at the metal center, i.e., NN- -AIN.

The AIN molecule is prepared here by direct reaction 1
between the atoms, which is calculated (B3LYP without ZPE)
to be exothermic. The presence of N atoms in these experiments
is confirmed by observation of thezNadicall221

Al + N — AIN (AE = —60 kcal/mol) Q)

AIN 3. The major aluminum product in solid nitrogen absorbs
at 2150.9/2144.0 cmi, 1391.9/1386.0 cnt, and 509.7 cmt.
These bands increase 10% on 25 K annealing, almost disappear
on 240-580 nm photolysis, reproduce in part on subsequent
30 K annealing, and increase more on 35 K annealing (Figures
1 and 2) The diagnostic mixed isotopic pattern for the strong
higher frequency band is a sextet witiN, + 1N, and an octet
with 14N, + 1“NI5N + 15N, which is illustrated in Figure 3
(arrows denote positions of Al-1514—15 and Al-14-15-14
isotopic bands unique to the statistical mixed isotopic spectrum).
These sextet and octet patterns are much clearer for the GaNNN
species where annealing increases one matrix site and removes
the othert0 nevertheless, these multiplets identify the vibration
of three inequsalent nitrogen atoms.

Since this band is in the azide stretching region, Alas
investigated by DFT and found to be a staki¥" molecule
(Table 3). The three strong stretching fundamentals are calcu-
lated at 2271.2, 1466.0, and 497.4 Tnwith 6/2/1 relative
intensities. Scale factors of 0.947 and 0.949 are required to fit
the upper two N-N stretching modes and 1.025 to fit the lower
Al—N stretching mode. The same calculation predicted the
strong N~ mode at 2078.5 cri, which requires a 0.964 scale
factor and is appropriate for the B3LYP functiod&lThe
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TABLE 3: Calculated (B3LYP/6-311+G*) Geometry, Frequencies (cnm?t), and Intensities (km/mol) for the AIN, Al>N, AlsN,
NAIN, NAINN, AINNN, Al ,N,, and AlsN, Molecules

molecule geometry frequencies (intensities)
AIN (3I7) Al—N: 1.805 A 730.1 (12)
713.9 (123
AlLN (2, Al—-N: 1.731 A 131.8 (35), 524.9 (0), 1051.4 (97)

linear

128.3 (33), 524.9 (0), 1023.3 (92)

AN (25,1)P Al-N: 1.748 A 77.7 (2x 15), 509.2 (0), 1004.3 (72)
linear 75.6,509.2, 97724

AlLN- (1241 Al-N: 1.746 A 119.0 (2 2), 518.7 (0), 1129.8 (685)
linear 115.8 (Ix 2), 518.7 (0), 1099.5 (643)

AlsN (*Ay) Ca, AlIN: 1.8495 A 153.8 (3), 154.3 (3), 217.0 (0), 427.5 (0), 751.5 (328), 751.9 (329)
Al N: 1.850 A 153.2 (3), 153.8 (3), 210.8 (0), 427.5 (0), 732.4 (312), 732.81314)

OAl,—N—Al3z 120.7

AlsN (PA1') Dac Al—N: 1.863 A 141.1 (3x 2), 200.6 (0.1), 414.3 (0), 731.9 (3692)°
NAIN (4T, Al—N: 1.804 A 122.2 (43), 146.2 (86), 643.2 (0), 725.7 (582)
linear 120.2 (41), 143.8 (83), 621.5 (0), 713.8 (563)
NAINN (1A") N—Al: 1.746 A 89.8 (47), 230.6 (4), 259.0 (17), 326.4 (12),
Al—=N: 2.021 A 840.1 (21), 229.6 (381)
N—N: 1.106 A
N—AI—N: 87.1°
Al—N—N: 177.7
AINNN (1=1) Al—N: 1.826 A 94.4 (2), 497.4 (167), 625.4 (17), 626.4 (18), 1466.0 (320), 2271.2 (1018)
N—N: 1.206 A 91.6 (2), 490.8 (162), 604.2 (16), 605.2 (17), 1416.9 (301), 2194.4%(950)
N—N: 1.138 A
Na~ (3= 1.1832 A 628.2 (7 2), 1351.8 (0), 2078.5 (1241)
AINAI (3Z47) Al—N: 1.860 A 82.2 (2), 257.7 (0), 369.2 (0), 634.3 (579), 1739.4 (0)
N—N: 1.204 A
AINAI (3247)P Al—N: 1.888A 78.4 (1x 2), 224.9 (0x 2), 355.9 (0), 612.0 (509), 1757.1 £0)
N—N: 1.204 A 76.7 fr), 217.5 frg), 355.9 (r5), 598.5 (), 1697.8 (g)
(AIN)2 (*Ag) Al—N: 2.041 A 160.4 (0.2), 195.3 (21), 337.0 (0), 554.2 (0), 571.5 (509), 1445.9 (0)
N—N: 1.267 A 156.9 (0.2), 191.0 (20), 337.0 (0), 536.5 (0), 558.9 (487), 1396.8 (0)
(AIN) 2 (*Ag)P Al—N: 2.074 A 156 (0), 193 (18), 331 (0), 553 (0), 564 (463), 1453 (0)
N—N: 1.263 A
AlsN; (22,1 Al—N: 1.705 A 30.2 (10x 2) (), 123.9 (0) fry), 223.4 (82x 2) ((ru)
N—Al: 1.713A 375.9 (0) ), 664.3 (230), £), 1161.7 (0) §g), 1178.2 ()

aFrequencies fotSN substitution.? cc-pVDZ basis sett BP86 functional.

1.804 1.731
N-AI-N AFN—AI
(¢11,) (@)
Al
1826  1.138 | 1.850
AFN-N—N N
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1206 Al Al
Iy+
(29 (Dsw)
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Figure 6. Optimized geometries of AN, products computed by

B3LYP/6-31HG*. Bond lengths are inraystroms, and angles, in
degrees.

Two mechanisms for the formation of AfNtome to mind,
the reaction of Al with the Mradical and the AIN reaction with
N>, the strongly exothermic (B3LYP) reactions 2a and 2b.

Al + N3 — AIN; (AE = —94 kcal/mol) (2a)
AIN + N, — AIN; (AE = —49 kcal/mol) (2b)

Mixed N, + 15N, isotopic spectra can in principle distin-
guish between these two reactions, but complications from two
matrix site absorptions reduce the accuracy of band intensity
measurements. However, for Gglthe mixed isotopic spectra
were clearly resolved for the major site absorption, and it was
suggested that about 80% of the GgiWoduct is formed from
the N radical reactiort?

NAIN. The strong 656.9 cni band also increased on
annealing and decreased markedly on photolysis (Figure 2). This
band showed a smal*N/**N ratio (1.017 82) and an ap-
proximate 1:2:1 triplet pattern witdN, + NN + 15N, which
is characteristic ofwo equvalentN atoms. In fact the 14/15
isotopic ratio for the harmonic antisymmetric vibration of a
linear N—Al—N unit is 1.016 73. Our B3LYP calculations find

relative intensities are also modeled reasonably well by the a stable linear NAIN moleculeé[I, state) with thes, frequency
B3LYP functional except the intensity of the weaker symmetric at 725.7 cm?, in very good agreement with the matrix
N—N-—N stretching mode is overestimated relative to the observation. The slightly higher observed 14/15 ratio might

stronger antisymmetric NN—N stretching mode. The calcu-

suggest a slight bending of the molecule in the matrix. The scale

lated and observed 14/15 isotopic ratios match and verify the factor 0.905 required to fit the calculated and observed bands
normal mode assignments. Similar agreement between experiis lower than other comparisons reported here; this suggests

ment and theory was found for Ga® The gas phase
observation of Capland SrN, our matrix formation of the Mal
(M = Al, Ga, In, Tl) molecules, and the synthesis of A
show that these azides are physically stable moled@fé<s

that higher level calculations might provide a better description
of the “I1,, state of NAIN.

The NAIN molecule is formed by the reaction of N with the
metal center in AIN, reaction 3, which is exothermic. However,
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NAIN is higher in energy than AH N, by 120 kcal/mol Our B3LYP and BP86 and recent higher level calculatibns
(B3LYP), but NAIN clearly is kinetically stable. Even AN, show that A§N is stable, and the strond mode predicted at
is a van der Waals molecule (bound 4 kcal/mol as estimated by 751.7 cnt! with 14/15 ratio 1.026 06 is extremely close to the

B3LYP). observed value. The 777.9, 770.3 dnbands are assigned to
the é mode of AN split by interaction with the nitrogen matrix.
N + AIN — NAIN(4HU) (AE = —44 kcal/mol)  (3) The major product in argon matrix experiments at 773.1tm

increases and remains on annealing to 40 K. The sharp doublet

e anogous NGa moleul s observed ai 594,504 11 e S0lope precuor and e 102847 st
cm™1 (5%Ga, "’Ga) where resolved isotopic splitting confirmed q y GIR5D

the vibration of a single gallium atoA in the nitrogen matrix. Finally, the observation of a single band
AINAI. The 956.7 cm! band increases slightly on annealing for the & mode of AN in solid argon shows that the splitting

. . . : in the nitrogen matrix is environmental and suggests that the
but almostdoubleson ph_otoly5|s. The m_|xed Isotopic spectra split mode in the B3LYP calculation is due to symmetry
reveal a doublet absorption fqr the wbratmr_mﬁmgl_enltrggen breaking inherent in the calculati8hThe D3, symmetry of the
atom andglargg (1'(.)2683) nitrogen 1.4/15.|sotop|c ratio. In fact molecule maintained with the pure density functional BP86
the 14/15 isotopic ratio for the harmonic antisymmetric vibration

of a linear A-N—AI unit is 1.027 50. Our B3LYP calculation (Ti?kla\l3)'I'If1ealr?1c())setX§t:1i)tleed/;E tf::zogna;r ?:?FT;(A " rhombic
finds the most stable AN species to be linear AINAIZE,Y) 272 2 v)

with the calculateds, mode at 1051.4 cnt, in very good ring,}* and this characteristic (AIN)structure exhibits diatomic
u . ]

: . isotopic ratios. However, the linear AINNAI molecule is only
agreement with the matrix spectrum. The scale factor 0.910 ) . ;
again suggests that higher level calculations might produce a;'nsd l;ﬁizmrzloglgg?;oate;u?biltaslt_r:(e P dliz\t/c?rln\ilgltirs]otzgtri]cbr:\?ils S‘I?P:Z,
better fit, and indeed, the cc-pVDZ basis set (Table 3) produces Y mh . P . .
a 1004.3 cm® g, frequency in better agreement with the sharp 648.2 cm' band meets these requirements: a 1.022 40

observed value (0.953 scale factor). The 956.7 cband is isotopic ratio and a triplet with'N, + NN + N, for two

assigned to AINAI in solid nitrogen. _equwalentnltrogen atoms. Thespmode of the singlet rho_mbus
The sharp 1501.6 cm band tracks with the 956.7 crthband is predicted at 571'51 cm, whereas they, mode of triplet

on annealing and photolysis, and it too shows the doublet mixed AINNAI s 634.3 cn* (Table 3). C!egrly, the latter fits j[he

. . AR . . 648.2 cnt! band more closely, and it is assigned accordingly.

isotopic spectrum for the vibration @f singlenitrogen atom. _ .

Its appearance in the NO region and 14/15 isotopic ratio invited Note, however, that a strong 648.2, 634.0"émdoublet is

consideration of such a species but AINO and AION absorb observed with“N; + N5, indicating that asingle dinitrogen
elsewhere® The differences 1501-6956.7= 544.9 cntt and molecule is reacting to form AINNAI. Although Al- -pis only

1474.9-931.7= 543.2 cn7* for the N counterpart provide a ~ 2 Va1 der Waals molecule, another Al atom will react to give
mode that showsery little *N-shiftand is near tﬂe 524_9 crh the stable AINNAI product, reaction 6, which is 42 kcal/mol

calculated value for theg mode of AINAI. A slight amount of exothermic.

bending of the molecule would decrease the 14/15 ratio of the

o, mode and increase the 14/15 ratio of thegnode. Although Al + N, + Al — AINNAI (AE = —42 kcal/mol) ~ (6)

the 1501.6 cm! band absorbance (0.008) is larger relative to

the 956.7 cm! band (0.014) than normally found for a The 651.4 cm® argon matrix band exhibits the same isotopic

combination band and a fundamental, linear molecules often behavior and is likewise assigned to AINNAI.

have relatively strong combination bands, and the 15016 cm The 680.0 cm! nitrogen matrix band increases on late

band is assigned to the, + oy combination band for AINAL. annealing at the expense of the 648.2 &rhand (Figure 2).
The argon matrix spectra reveal weak 981.3, 974.8'cm  The mixed isotopic triplet and 14/15 ratio are also in accord

bands with the same isotopic behavior that can be assigned towith an ALN, assignment, but this species is probably ag-

AINAI'in solid argon. This suggests a matrix shift for the pure gregated by additional molecules, possibly more extensively

nitrogen environment, and the argon matrix bands clearly fit coordinated by N

the DFT frequency calculations better. (Al,N),. Both nitrogen and argon matrix experiments contain
The Sequentlal reactions of Al atoms with AIN are exother- a weak band near 924 crthat grows on annea“ng and remains
mic, based on our B3LYP calculations. at the end of annealing cycles. In the nitrogen matrix these bands

form 1:2:1 triplets inboth mixed isotopic experiments swo
AIN + Al — AINAI ( AE = —114 kcal/mol) 4) equialentnitrogen atoms frondifferentnitrogen molecules are
. _ required. The 14/15 ratios 1.0264 also denote the antisymmetric
AINAL AT = AlN (AE 86 keal/mol) ©) Al—N—Al vibration of nearly linear AFN—AI subunits. The
annealing behavior suggests a high Al/N species. The 924 cm

slightly on annealing, but markedly on photolysis, more on a|.N radicals, reaction 7.

subsequent annealing, and remained strong after 35 K annealing,

in contrast' to the case with AINAI, Where'they glmost disap- 2A1LN — (AILN), @)
peared (Figure 2). Only the same pure isotopic bands were
observed in mixed isotopic experiments; so agaisirgle o 15 e e
nitrogen atom is involved. These bands exhibited virtually the N the argon matrix withN, + 1N, the 2:1:2 triplet suggests
same isotopic 14/15 ratio, 1.025 420.000 02, which is slightly "€ Participation of another mechanism involving a single N
smaller than the above 956.7/931.7 ratio for AINAI. Hence, the UNit @nd implies that four Al atoms may be able to react with
777.9, 770.3 cmi bands are also due to an antisymmetrie: Al On€ Ne molecule, reaction 8.

N—Al stretching mode, with a slightly smaller included angle,

and the product may involve further Al reaction with AINAI. 4Al + N, — (AlN), (8)
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Higher AlxNy Absorptions. The nitrogen matrix experiments

contain bands at 1132.8, 1126.8, 1061.9, and 1054.3, which

increase on annealing and show 14/15 isotopic ratios near th
diatomic AIN value. Unfortunately, no mixed isotopic data can
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Rev. B Cord. Matter1994 94, 7115. (e) Knudsen, A. KBull. Am. Ceramic
Soc.1995 74, 97. (f) Krupitskaya, R. Y.; Auner, G. WJ. Appl. Phys.
1998 84, 2861. (g) Kiehne, G. T.; Wong, G. K. L.; Ketterson, J. B.

€Appl. Phys.1998 84, 5922.

(3) Chemistry of Aluminum, Gallium, Indium and ThalliuBPowns,

be obtained from this congested spectral region. The 1132.8,A. J., Ed.; Chapman and Hall: New York, 1993.

1126.8 cn! bands are destroyed by photolysis while the 1061.9,
1054.3 cn! bands increase and remain on final annealing.
Clearly, these bands are due to highegMylclusters. In this
regard a linear AINAINAI chain has a very strong stretching
mode predicted at 1178 crhwith a 14/15 ratio 1.0230, which
suggests that ANy chains absorb in this region.

Conclusions

Laser-ablated aluminum atoms react with dinitrogen on
condensation at 10 K to form thesKadical and the Al Al2N,
Al2N, AIN3, and AgN molecules, which are identified by
nitrogen isotopic substitution, further reactions on annealing,

and comparison with isotopic frequencies computed by density

functional theory. The major Aljproduct is identified from

(4) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer, H. F., 10. Am.
Chem. Soc1997, 119, 5668.
(5) Simmons, J. D.; McDonald, J. K. Mol. Spectroscl972 41, 584.
(6) Pelissier, M.; Malrieu, J. Rl. Mol. Spectroscl979 77, 322.
(7) Langhoff, S. R.; Bauschlicher, C. W., Jr.; Petterson, L. G.JM.
Chem. Phys1988 89, 7354.
(8) Lanzisera, D. V.; Andrews, L1. Phys. Chem. A997, 101, 5082.
(9) Davy, R. D.; Jaffrey, K. LJ. Phys. Chem1994 98, 8930.
(10) Zhou, M. F.; Andrews, LJ. Phys. Chem. An press.
(11) Boo, B. H.; Liu, Z.J. Phys. Chem. A999 103 1250.
(12) Hassanzadeh, P.; Andrews,J..Phys. Chem1992 96, 9177.
(13) Andrews, L.; Hassanzadeh, P.; Burkholder, T. R.; Martin, J. M. L.
J. Chem. Phys1993 98, 922.
(14) Burkholder, T. R.; Andrews, LJ. Chem. Phys1991, 95, 8697.
(15) Andrews, L.; Burkholder, T. R.; Yustein, J. X..Phys. Cheml992
96, 10182.
(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

three fundamentals and a statistically mixed nitrogen isotopic A.; Montgomery, J. A; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

octet pattern. The aluminum rich Al and AEN species are
major products on annealing to allow diffusion and further
reaction of trapped species. The calculatee-Nlbond length

is shorter for AJN but longer for AgN than for AIN.
Complementary argon matrix experiments favor the aluminum
rich AILN, AlsN, and (AbN), species and, accordingly, fail to
produce AN, the major product in pure dinitrogen experiments.
This work provides the first experimental evidence for molecular
AlLNy species that may be involved in ceramic film growth.

Acknowledgment. We gratefully acknowledge partial re-
search support from the NSF, PRF, and CNRS.

References and Notes

(1) Morz, T. J., JrCeram. Bull.1991, 70, 849.

(2) See for example: (a) Pandey, R.; Sutjianto, A.; Seel, M.; Jaffe, J.
E.J. Mater. Res1993 8, 1992. (b) Miwa, K.; Fukumoto, APhys. Re. B
1993 48, 789. (c) Ueno, M.; Onodera, A.; Shimomura, O.; Takemura, K.
Phys. Re. B1992 45, 10123. (d) Ruiz, E.; Alvarez, S.; Alemarz, Phys.

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision B.1; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(17) Lee, C.; Yang, E.; Parr, R. ®hys. Re. B 1988 37, 785.

(18) Perdew, J. PPhys. Re. B 1986 33, 8822.

(19) Becke, A. D.J. Chem. Phys1993 98, 5648. Mclean, A. D.;
Chandler, G. SJ. Chem. Physl98Q 72, 5639. Krishnan, R.; Binkley, J.
S.; Seeger, P.; Pople, J. A. Chem. Physl98Q 72, 650.

(20) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358.

(21) Tian, T.; Facelli, J. C.; Michl, 3. Phys. Chem1991, 95, 8554.

(22) Sonchik, S. M.; Andrews, L.; Carlson, K. D. Phys. Chenil983
87, 2004 and references therein.

(23) Bytheway, I|.; Wong, M. WChem. Phys. Lettl998 282 219.

(24) Brazier, C. R.; Bernath, P. B. Chem. Phys1988 88, 2112.

(25) Linnen, C. J.; Macks, D. E.; Coombe, R.DPhys. Chem. B997,
101, 1602.

(26) Andrews, L.; Zhou, M. F.; Bare, W. [3. Phys. Cheni998 102,
5019.

(27) Sherill, C. D.; Lee, M. S.; Head-Gordon, NLhem. Phys. Lett.
1999 302, 425.



