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Reactions of Zirconium and Hafnium Atoms with Ammonia. Matrix Infrared Spectra and
Density Functional Calculations of the MNH; and HoMNH (M = Zr and Hf) Molecules
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The reactions between zirconium and hafnium metal atoms and ammonia molecules have been studied using
matrix isolation infrared absorption spectroscopy and density functional theoretical calculations. The results
showed that ground-state zirconium and hafnium metal atoms reacted witto Kim the ZrNH and HfNH;
complexes spontaneously on annealing. The ZNiHd HfNH; complexes underwent photochemical
rearrangement to the HZrNHH,ZrNH, and HHfNH molecules. The reaction intermediates and products
have been identified by isotopic substitutions as well as density functional theoretical frequency calculations.
In addition, qualitative analysis of the possible reaction paths for these reactions is given, including various
minima and transition states.

Introduction bonding of transition metal atorammonia complexes have
been reporte@ 27 The oxidative addition reactions between
ammonia and the second row transition metal atoms have been
theoretically investigate®® Geometries and energies for mo-
lecular adducts, transition states, and insertion products have
been obtained. The lowest barriers for the-lN insertion
reaction were found for the early transition metal atoms with
values slightly below zero.

In the present study, we report a combined matrix isolation
infrared spectroscopic and theoretical investigation of the
reactions between zirconium and hafnium atoms and ammonia
molecules.

The oxidative addition of the NH bond of ammonia or
amines to transition metal centers is an important reaction in
many catalytic processésThe interaction of transition metal
cations with ammonia molecules has attracted considerable
attention during the past 2 decade®® It has been shown that
the reactions of early transition metal cationg SEi*, and V*
with ammonia led to the formation of ScNHTINH™', and
VNH™ as dominate product at low energfed.The production
of MNH™ has been proposed to proceed via the facile formation
of a MNHz* complex followed by oxidative addition to form
an insertion intermediate HMNF.58°1n the reactions of cobalt
cation, a long-lived insertion product HCNH, has been
observed? Experimental and Computational Methods

Laser-ablated scandium atoms reacted with ammonia in the . . .
gas phase to form ScNH, which was detected and characterized The experimental setup for_ pul_sed laser ablation a_lnd malrix
by laser-induced fluorescence spectrosctiecent gas-phase infrared spectroscopic investigation has been described previ-

29 i .
studies indicated that ground state yttrium atoms readily reaCIOUSIy' Bnefl)_/, the 1064 nm Nd'YAG_ 'Iaser fundamental
with ammonia to form YNHY There are also a few examples (Spectra Physics, DCR 150, 20 Hz repetition rate and 8 ns pulse
of the insertion of a transition metal atom into the-N bond width) was focused onto the rotating zirconium or hafnium metal

of an ammonia molecul-2% In solid matrixes. Fe. Ni. and target, and the ablated metal atoms were codeposited with

Cu atoms formed adduct with one or two Blkholecules, and ammonia in excess argon onto a 11K CSI.WindOV\." which was
UV irradiation induced the insertion of the metal into &N mounted on a cold tip of a closed-cycle helium refrigerator (Air
bond of NH; with the formation of the amido derivatives Produqts, Model CSW202) fd_ h at arate of around 5 mmol/
HMNH, (M = Fe, Ni, and Cu), HMNHNH3 (M = Fe or Ni), h. Typically, 5-20 mJ/pulse laser power was used. Infrared
and MNH, (M = Cu)18-20 Recently, reactions between early spectra were recorded on a Bruker IFS113V spectrometer at

o - : 0.5 cntt resolution using a DTGS detector. IsotopibiH3z was
transition metal atoms (Sc, Ti, and V) and ammonia have been . L .
investigated in this laboratoR}.Our results showed that ground- prepared by thermal dissociation &f\lH.),SO, (98%). Mixed

state Sc, Ti, and V atoms reacted with ammonia in solid argon NH; + NH:D + NHD, + NDs was obtained by thermal
matrix to form the MNH complexes spontaneously on anneal- dissociation of partlally.deuterated (N)}2SQs prepared thrpugh
ing. Photoisomerism to form the insertion intermediate HMNH exchange by ED. Matr_lx samples were annealed at different
the imide ScNH, and the novel covalently boundesMMH temperatures and subjected to different wavelength photolyses
(M = Ti and V) molecules proceeded upon different YV using a h|g.h-pressure mercury lamp (250 W, without globe)
visible photolyses. and glaSS filters. . ' .

The interaction of transition metal atoms with ammonia has _ Quantum chemical calculatlons, were performed using the
also attracted several quantum chemical calculations. TheGaussian 98 prograifi.The Becke’s three parameter hybrid

geometries, vibrational properties, energetics, and the nature ofUnctional with the Lee, Yang, and Parr correlation corrections
was utilized (B3LYP)Y! The 6-31H-+G(d,p) basis sets were

* Corresponding author. Fak86-21-65643532. E-mail: mfzhou@ Used for H and O atoms, and the Los Alamos ECP plus DZ
fudan.edu.cn. (LANL2DZ) sets were used on Zr and Hf atorf¥sThese ECPs
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Figure 1. Infrared spectra in the 166800 cnt! region from 900 880 860 840
codeposition of laser-ablated zirconium atoms with 0.2%3 N wavenumber (cm™)

argon: (21 h sample deposition at 11 K, (b) after 25 K annealing, (c)

. . . .
after 20 min broadband photolysis, and (d) after 28 K annealing. Figure 3. Infrared spectra in the 9140 cm* region from

codeposition of laser-ablated zirconium atoms with ;NH excess

, argon: (@) 0.298%NHs, after 20 min broadband photolysis, (b) 0.2%
NH NH 15NH3, after 20 min broadband photolysis, and (c) 0.12%4H; +
0154 7 L HfNH : 0.08%15NHs, after 20 min broadband photolysis.
2
% AN 0.04 7
2 @ H,HfNH H,HENH
£ 0.0 f i
s 2
c
?"E (c) ; (c)
s ©
e 0.05 4 HfNH3 g
§ ® & 002+ HfNH,
< (]
(@ £ 1 (b)
0.00 1 : T £ AN N
1650 1600 1150 1100 1050 1000 950 900 5
Wavenumber/cm” C (@)
Figure 2. Infrared spectra in the 166560 and 1196870 cnt? PSSO WMW
regions from codeposition of laser-ablated hafnium atoms with 0.2% 0.00 : 7 . : . i .
NHs in argon: (& 1 h sample deposition at 11 K, (b) after 25 K 1160 920 900 880 860
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20 min broadband photolysis.

Figure 4. Infrared spectra in the 1170120 and 926860 cnt?

. . S . . regions from codeposition of laser-ablated hafnium atoms with 0.12%
have incorporated Darwin relativistic effects into the potentials. 14yp, + 0.08%15NH; in argon: (3 1 h sample deposition at 11 K

Recent studies have shown that density functional theory USing(b) after 25 K annealing, and (c) after 20 min broadband photolysis.
this hybrid functional and effective core potentials can provide

quite reliable predictions of the state energies, structures, andTABLE 1: Infrared Absorptions (cm ~*) from Codeposition
vibrational frequencies of second and third row transition metal Of Laser-Ablated Zr and Hf Atoms with Ammonia in Excess

s ; . - Argon
containing compound®.Reactants, various possible transition ?4 — y
states, intermediates, and products were optimized. The vibra-__~"NHs NHs NDs assignment
tional frequencies were calculated with analytic second deriva- 1556.0 1556.0 1114.9 HNH, veyr(ZrHy)
tives, and zero point vibrational energies (ZPVE) were derived.  1520.3 1520.2 1094.7 HNH, vasy(ZrHs)
Transition state optimizations were done with the synchronous 1478.4 1478.4 1056.9 HZrNE(Zr—H)
transit-guided quasi-Newton (STQN) methtddollowed by the 1156.0 1149.4 ZINK Oyn(NH3)
ansit-g q _ thodo oy 889.2 866.5 HOZINH, 1(Zr—NH)
vibrational frequency calcglatlons showing the obtained struc- 887.8 865.0 EP2ZrNH
tures to be true saddle points. 886.4 863.5 BP4ZrNH
1614.7 1614.7 1160.7 HINH, veyn(HfH2)
; ; 1590.9 1590.9 1140.7 HINH, vasyn(HfH)
Results and Discussions 1158.8 1152.9 HENK] deym(NHs)
898.3 873.2 BHINH, v(Hf—NH)

Infrared Spectra. Reactions of laser-ablated zirconium and
hafnium atoms with ammonia were examined with a range of is also shown in the figures and will be discussed below.
laser energies, ammonia concentrations, and isotopic modifica-Nitrogen-15- and deuterium-substitution experiments were also
tions. Infrared spectra in selected regions for the products of employed for product identification through isotopic shift and
zirconium and hafnium atoms reacting with ammonia in excess splitting. Typical spectra using®NHs + °NH3; and NH; +
argon are presented in Figures 1 and 2. The product absorptiondNH,D + NHD, + ND3 samples in selected regions are shown

are listed in Table 1. Absorptions due to B, 974.7 cml; in Figures 3-5, respectively.

v4, 1638.8 cml), (NH3), (n = 2, 999.9, 1631.0 cmi; n = 3, Calculation Results.Calculations were performed on three
1018.0 cn1l), and a trace of waten, 1624.0, 1608.1, and  isomers of MNH, namely, the MNH complexes, the inserted

1589.2 cn?), which are common to experiments with jlahd HMNH2 molecules, and the #MNH molecules on both singlet

transition metals, are omitted from the taBleThe stepwise and triplet potential energy surfaces. The optimized structures
annealing and photolysis behavior of the product absorptions are shown in Figure 6, and the vibrational frequencies and
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TABLE 2: Calculated Vibrational Frequencies (cm~1) and
| H,ZrNX DZrNX X=HorD Intensities (km/mol) for the Reaction Intermediates,
Products, and Various Transition States on the Potential
Energy Surfaces of the Zr+ NH3; Reaction
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Figure 5. Infrared spectra in the 166500 and 11461040 cnt?
regions from codeposition of laser-ablated zirconium atoms with 0.4%
(NH3 + NH2D + NHD; + ND3) in argon: (& 1 h sample deposition

at 11 K, (b) after 25 K annealing, (c) after 20 min broadband photolysis,

HoZrNH (*A")

3463.0 (25, €), 3350.4 (150,)a1628.1 (22, e),
1208.9 (233, 9, 463.5 (14, €), 318.1 (8,
3444.8 (3, 4), 3418.1 (4, §, 3322.2 (161, 3,
1666.2 (34, 4), 1571.7 (10, 3, 1181.9 (335, %,
470.1 (26, 4), 434.3 (8, 8, 355.4 (25, §
3590.2 (28, 4, 3492.8(28, 9, 1578.1 (424, 3,
1536.3 (43, 9, 632.5 (147, 3, 518.6 (15, 3,
510.1 (141, ), 339.9 (28, §, 225.9 (0.1, §
3599.4 (27, 4), 3501.5 (72, 3, 1678.0 (250, 3,
1478.2 (104, 3, 650.6 (66, 9, 496.1 (124, 3,
431.0 (36, 9, 363.4 (3, 4), 202.4 (6, 4)
3592.0 (92, 4, 1637.1 (249, 3, 1598.0 (500, 4),
923.3 (189, 9, 603.9 (77, 8, 569.3 (284, 3,
540.1 (30, §, 466.3 (148, %), 440.6 (94, §

; ZINH 3A)  3589.3 (750), 900.4 (88p), 513.2 (22277)
and (d) after 28 K annealing. ZINH (I=5)  3580.3 (99¢), 954.0 (67 ), 590.0 (20277)
L2 TS1 3521.2 (35), 3434.3 (10), 1563.4 (69), 1387.5 (66),
%6 (l'l 1018 831.3 (50), 789.8 (130), 525.0 (33), 470.4 (27),
2350 > 1024 2283 1026 363 Zp 2046 CH 1418.3i (1356)
Zr—N—\—H Z H/123.6 N@)s.s }
NEAY 1086 ¥ 301\ L5 TS2 3587.8 (27), 3482.5 (37), 1533.7 (162), 1422.4 (27),
H 784.2 (194), 710.5 (65), 493.8 (23), 210.3 (12),
3 . . 1218.3i (913)
ZrNH; (%A,) ZrNH; ('A) HZrNH; (A") TS3 3601.6 (115), 1667.7 (148), 1625.6 (362), 942.5 (58),
812.4 (203), 589.0 (9), 491.3 (116), 440.1 (83),
1 015 1.863 1299.0i (1404)
2006 Hye .-\ 1819 1014 5 TS4 3608.3 (104), 1947.8 (54), 1586.1 (128), 989.4 (15),
184/5)30 N\m 107.6 NG Zr—N—H (°A) 944.6 (2), 854.9 (106), 724.9 (101),430.2 (70),
H e 1364.7i (525)
1.786 1015 . TS5 3607.8 (144), 1948.2 (102), 1674.4 (39), 1134.6 (10),
HZrNH, ('A") H,ZrNH ('A") Zr—N—H (=% 971.9 (6), 889.5 (89), 750.8 (74), 434.9 (62),
1291.9i (372)
TABLE 3: Calculated Vibrational Frequencies (cm~1) and
H 132 402 1018 Intensities (km/mol) for the Reaction Intermediates,
2.385 1.023 2293 1028 gs7 {2016 TH Products and Various Transition States on the Potential
. 093 1252 %8.4 Energy Surfaces of the Hf+ NH3; Reaction
. H g H 130.0 \ 1.015 - -
H molecule frequency (intensity)
HfNH3 (°Aq) HfNH; ('A") HHfNH, (3A™) HfNH3 (PA;)  3465.2 (46, e), 3358.4 (66,)a1635.6 (25, €),
1218.7 (171, 8, 457.1 (4, €), 246.1 (1,
HfNHs (PA)  3469.3 (9, 4), 3343.5 (5, 9, 3265.0 (431, %,
©oss 1 024 1680.0 (27, 4), 1492.3 (84, 3, 1199.4 (210, %,
1820 H 433.4(24, 4), 395.7(18, §, 277.5(17,
mfﬁs 1068 N\"” HEZON HHINH, (PA")  3593.4 (30, 8, 3497.4 (24, 3, 1610.6 (349, %,
1 o> 1540.4 (52, 9, 633.1 (105, 3, 513.1 (141, 4),
, . 499.8 (8, 4, 325.1 (21, 9, 284.8 (6, &)
HHfNH; ('A") HoHfNH ("A") HfNH (2 HHINH, (*A")  3597.1 (60, §, 3425.4(7, 9, 1683.4 (318, %,

Figure 6. Calculated geometric parameters (bond length in angstrom,
bond angle in degree) for the ZrNldnd HfNH; isomers and the ZrNH HoHINH (A")
and HfNH molecules. 2
intensities are listed in Tables 2 and 3, respectively. Both the .\, (1)
ZrNH3 and HfNH; complexes havéA; ground state withCs, TS1
symmetry. The HZrNH molecule was predicted to havéa'’
ground state with planaCs symmetry, and the HHfNH
molecule has &A' ground state with plana®s symmetry. Both TS2
H,ZrNH and HHfNH were predicted to haveA’ ground state
with nonplanar geometry. At the B3LYP level of theory, the ;54
1A" H,MNH molecule was predicted to be the most stable
structure followed by the inserted HMNHnolecules.

MNH 3. A weak band at 1156.0 cmh in the Zr + NH3 TS4
experiments appeared on annealing but disappeared on broad-
band photolysis. It shifted to 1149.4 ciwith 15NH3 and gave

1541.9 (73,9, 683.6 (73, 9, 577.5 (108, 4),
544.0 (1, 8, 356.2 (5, 8, 343.5 (4, &)

3628.6 (90, 4, 1682.7 (204, 3, 1649.2 (380, '4),
921.5 (164, 4, 649.1 (96, §, 607.8 (209, 3,
529.1 (193, 4), 478.4 (4, 4), 458.2 (118, 3

3628.3 (108¢), 940.4 (51p), 582.6 (2057)

3489.7 (33), 3411.9 (1), 1560.5 (47), 1409.8 (7),
820.4 (13), 790.3 (135), 480.8 (36), 473.0 (14),
1373.9i (1094)

3539.9 (35), 3430.7 (10), 1630.8 (135), 1487.7 (26),
971.5 (319), 615.5 (122), 438.1 (41), 358.8 (18),
931.7i (938)

3622.9 (103), 1687.4 (76), 1636.7 (352), 891.7 (55),
835.1 (155), 611.3 (15), 512.6 (128), 335.0 (83),
1271.0i (1369)

3633.1 (128), 1925.6 (52), 1609.6 (65), 1179.3 (9),
935.9 (5), 849.4 (114), 729.8 (68), 481.3 (81),
1406.5i (475)

an isotopic*N/*®N ratio of 1.0057. The band position and isotopic structure was observed, which confirms that only one
isotopic shift are characteristic of the symmetric bending NHs unit is involved in this mode. The experiments employed
vibration of perturbed Nl by interaction with one or more  quite low ablation laser energy to ensure that the matrix
metal atoms. In the mixedNHz + 15NH; spectra, doublet contained metal atoms to the virtual exclusion of metal clusters.
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TABLE 4: Scale Factors and Observed and Calculated is tentatively assigned to the ZH stretching vibration of the
Isotopic Frequency Ratios of the Observed Reaction HZrNH, molecule. DFT calculations predicted this mode at
Products 1578.1 cm! and to be the most intense mode for the’
scale LN/N H/ID ground-state HZrNK molecule. The optimized geometric
molecule mode  factor obsd caled obsd calcd parameters and energy for the HZrpiHolecule is in quite good
ZINH;  NHs;symdef 0.956 1.0057 1.0057 1.3055 agreement with previous ab initio calculaticiidNo evidence
HfNH; NHssymdef 0.951 1.0051 1.0054 1.3131  was found for the HHfNBHmolecule. DFT calculations indicated
HZrNHz  ZrH str 0.937 1.0000 1.0000 1.3988 1.4058 that the HHfNH molecule has &A' ground state with a strong

HxZrNH sym ZrHpstr - 0.950 1.0000 1.0001 1.3956 1.4067 Hf—H stretching vibration at 1683.4 crh

asym Zrhpstr  0.951 1.0001 1.0001 1.3888 1.4018 . .
Zrl)\llH ster 0.963 1.0262 1.0266 1.0620 HoMNH. In the Zr + NH3 experiments, absorptions at

H.HINH sym HfH,str  0.959 1.0000 1.0001 1.3911 1.4095 1556.0, 1520.3, 889.2, 887.8, and 886.4 &mwan be grouped
asym Hftpstr 0.965 1.0000 1.0000 1.3947 1.4076 together by their consistent behavior upon annealing and
HfNH str 0.975 1.0287 1.0286 1.0409  photolysis. These bands were weak on sample deposition but
. . . were greatly enhanced on broadband photolysis when the ZrNH
It seems “”"".e'y that this complex contains more than one metal absorption was eliminated. The increase upon photodestruction
atom. chordmgly, 'the 1.156:0 crh band is assigned to. the of ZrNHgz implies that the new product is generated from ZgNH
symmetric NH bending vibration of the ZrNkicomplex. With The relative intensities of the 889.2, 887.8, and 886.4cm
respect to the symmetric Nrbending vibration of matrix absorptions matched the natural iso’topic a{bundanc?-’:?me
isolated NH at 974.5 cm?,35 the ZrNH; complex blue shifted 927y, and %4Zr (%°Zr, 51.4%: 92Zr, 17.1%; %Zr, 17.5%) and
1815 e, similar to those obs_fived previously for the first clearly indicate that one zirconium atom is involved in this
row transition f_"eta' complexé%. molecule. As shown in Figure 3, the 889.2, 887.8, and 886.4
DFT calculation predicted that the ZrNidomplex has 8A; cm-! bands shifted to 866.5 865.0. and 863.5 &mith
ground state, with a symmetric Niending vibration of 1208.9 15NHj3, and doublets were ob.sérved -fo’r these thrée bands in the
onT ™. As listed in Table 4, the calculaté®N/™N ratio of 1.0057 mixed’14NH3 + 15NH3 experiment, which showed the participa-
IS esse_ntlally the same with th_e expenr_nent_al va_llue. TheiN tion of one nitrogen atom. ThE¥N/*N ratios (1.0262, 1.0264,
stretching _and the antisymmetric Nblgndmg vibrational ques and 1.0265) and the zirconium isotopic splitting imply that these
were predicted to be lower in intensity than the symmetrigNH three bands are due to a-ZNH stretching vibration. The 1556.0
bending mode and could not be observed in the experiments.and 1520.3 cm! bands exhibited no nitrogen-ls'shift with fhe

zrﬁﬁcﬂ:;ngntg|g(l:{[rro?1|:(:-2r$f?li$$itcl)%n§f’ tﬁxz‘é)zg:/?lﬁ;lﬂ féﬁteig 15NH3; sample, but they were shifted to 1114.9 and 1094.7'cm
3 9 PBARES with ND3 and gave isotopic H/D ratios of 1.3956 and 1.3888,

:\?/?) Aﬁ;ﬁ.%rgsu:éj ;Lesttr:;):sCgcngbguri'ﬁgnogﬂ; Zr :Itgcrzia-[he respectively. The band positions and isotopic H/D ratios are
Py non close to the ZrH stretching vibrations of the ZrO molecule

orbital, which is largely Zr 5s in character, and the remaining (symmetric ZrH stretching, 1577.7 cn; H/D ratio, 1.3957;
two electrons occupy the doubly degenerate e molecular Orb'tals’antisymmetric ZrH stretching, 1539.4 cn; H/D ratio, 1.3896§°

which are largely Zr 4d in character. The-2¥ bond length of .
ground-state ZrNklwas predicted to be 2.350 A, slightly shorter Wh;: rhsugges';ls_ that_Lhe .1556'? arrl]d 1520.g%b$<ﬁHarE)e due
than the value of 2.46 A predicted by Siegbahn ealhe to ZrH, stretching vibrations. In the mixed NH NHzD +

) NHD, + NDj3 experiment (spectra shown in Figure 5), two

blndlng.energy W'Fh respect to ground-state Zr atom and frge additional intermediate absorptions at 1537.5 and 1105:2 cm
ammonia was estimated to be 20.3 kcal/mol, after zero point ) . - .
. were produced besides pure isotopic counterparts, suggesting
energy correction. that two equivalent H atoms are involved in these two modes
A similar band at 1158.8 cnt in the Hf + NH3 experiments Accordingly, we assign the 1556.0, 1520.3, and 889.2%cm

is assigned to the symmetric NHbending vibration of the ; : . .
bands to the symmetric and antisymmetric Zdttetching and
HfNH3 complex. The 1158.8 crt band was produced on 25 Zr—NH stretching vibrations of the #rNH molecule. The

K annealing. It is extremely photosensitive. As demonstrated 1537.5 and 1105.1 ¢ bands in the mixed experiment are

in Figure 2, the band intensity decreased markedly with . S
increasing sample scan times, which implies that the red due to Ze-H and Z¢-D stretching vibrations of the HDZrNH
or HDZrND molecules.

irradiation from the spectrometer can readily induce isomer- ) o
ization reaction of the HfNgImolecules. The HPNH; absorp- The calculated frequencies at the optimized geometryof H
tion was observed at 1152.9 cinThe HfND; counterpart could ~ Z'NH provide excellent support for the proposed identification
not be observed due to band overlap. The doublet absorptions?f this molecule. As has been mentioned, th&iiH molecule
in the mixedNHs + 15NH; isotopic experiments (Figure 4) Was predicted to have ®\' ground state withCs symmetry.

verify the participation of one Nilunit in this molecule. The symmetric and antisymmetric Zsldtretching and the Zr
The HfNH; complex was also predicted to havésa ground NH stretching modes were calculated at 1636.9, 1598.0, and
state. The ground state of HfNHeflects the 58 ground 923.3 cm1?, respectively, which require scale factors (observed

electron Conf|gurat|0n Of the Hf atom. The HN bond |ength Va|ue/.C&|CU|ated Value) Of 0950, 0951, and 0.963 tO f|t the
was predicted to be 2.385 A. The binding energy with respect €xperimental values. These three modes were predicted to be
to ground state Hf atom and free ammonia was estimated to beintense, with the antisymmetric Ztstretching mode to be the
16.0 kcal/mol, slightly smaller than that of ZrNHThe strongest (Table 2). Of particular important, the calculated

calculated symmetric Niibending vibration at 1218.7 crh isotopic frequency ratios for each mode are in excellent
and isotopid“N/2N ratio of 1.0054 are in very good agreement agreement with the experimental ratios (Table 4).
with the experimental values. The 1614.7, 1590.9, and 898.3 chabsorptions in the Hf

HMNH ,. A weak band at 1478.4 crd in the Zr + NHs + NH3 experiments are assigned to thegHfNH molecule,
experiments appeared on annealing and increased on broadbanidllowing the example of LZrNH. These three bands increased
photolysis. It exhibited no nitrogen-15 shift, but shifted to 1056.9 together at the expense of the Hfjlldbsorption, suggesting
cm~1with ND3, which defined a H/D ratio of 1.3988. This band different vibrational modes of the same molecule that is
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generated from HfNEl The 898.3 cm! band went to 873.2
cm~1 with 15NHj3, giving an isotopic“N/1®N ratio of 1.0287.
The mixed“NH3z + 15NH3 isotopic spectra (Figure 4) revealed
only two isotopic bands and clearly indicates that only one N
atom is involved in this mode. The band position and isotopic
ratio are appropriate for a HiNH stretching vibration. The
1614.7 and 1590.9 cm bands showed no obvious nitrogen-15
shift with 15NH3 sample, but gave deuterium counterparts at
1160.7 and 1140.7 cm and defined H/D ratios of 1.3911 and
1.3947, respectively. These H/D ratios are very close to the
Hf—H stretching ratios of Hfkl observed in solid argof,
suggesting that these two bands are due te HHfstretching
vibrations. In the mixed Nk + NH.D + NHD,; + NDj3
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Figure 7. Potential energy surfaces following the reaction paths from

experiment, two intermediate absorptions at 1606.0 and 1151.14+NHs, leading to the HZrNH and ZrNH+ H; products. Energies

cm~! were produced, and these two bands are due teHHf
and Hf-D stretching vibrations of the HDHfNH or HDHfND
molecules.

Our DFT calculations on HHfNH predicted that the molecule
should be nonplanar and have a singlét') ground state. The
calculated symmetric and antisymmetric Hfbtretching and
Hf—NH stretching vibrational frequencies, 1682.7, 1649.2, and
921.5 cntl, agree well with the experimental values (scale
factors, 0.959, 0.965, and 0.975). Equally important, the
calculated isotopic frequency ratios (Table 4) are in complete
accord with the experimental values.

The HZrNH and HHfNH molecules may be compared with
the isoelectronic BZrO and HHfO molecules recently re-
ported3® The symmetric and antisymmetric Zslsitretching and
the Zr—NH stretching frequencies of ArNH are lower than
the symmetric and antisymmetric Zslstretching and the 2O
stretching frequencies of ArO by about 21.6, 19.1, and 35.5
cm™1, respectively. These frequency separations between H
HfNH and H,HfO are estimated to be 31.7, 24.7, and 22.7tm
The Zr—N and H~N bond lengths were calculated to be 1.812
and 1.799 A, respectively. The ZN and HF~N approached
triple bond in HZrNH and HHfNH.

In the Zr + NHgy/Ar experiments, two very weak bands at
1366.2 and 1320.2 cnd were observed after sample deposition
and were destroyed by full arc photolysis. Both bands exhibited
very small nitrogen isotopic shifts (0.7 and 0.1 @n The

deuterium counterparts were too weak to be observed. The

given are in kcal/mol and are relative to the ground-state reactants: Zr
(®F) + NHs (*Ay).

40

]

£ “.HiNH,('A") TS2(6.7)

T o HACFLNH, -

= 0.0

= -16.0

g | ,

g HENH,(A,)

w

© -40

2 HHNH,(A") HiNH+H,

- -53.2

® HHENH,('A") -69.2
. -59.9 H,HINH('A")

Figure 8. Potential energy surfaces following the reaction paths from
Hf + NHs, leading to the BHfNH and HfNH + H; products. Energies
given are in kcal/mol and are relative to the ground-state reactants:
Hf (°F) + NH3 (*A)).

and HHfNH absorptions greatly enhanced, suggesting the
photoinduced isomerism in reactions-3:

ZrNH, (3A,) — HZINH, (CA") (3)
ZrNH, (PA;) — H,ZrNH (A7) (4)
HINH, (A,) — H,HINH (*A") (5)

photosensitive behavior suggests an anion species. These two

bands are tentatively assigned to the symmetric and antisym-

metric ZrH, stretching vibrations of lZrNH™. DFT calculations
predicted HZrNH™ to have a?A’' ground state with strong
symmetric and antisymmetric ZpHstretching vibrations at
1352.2 (439 km/mol) and 1308.0 cm(830 km/mol).
Reaction Mechanism.Although laser ablation of Zr and Hf

The DFT calculations suggested that the HZgNhRblecule is
more stable than the ZrNH-tomplex by about 32.7 kcal/mol,
while the HZrNH is more stable than the ZrNHby about 41.5
kcal/mol. In the case of Hf, the HifNH molecule is predicted
to be more stable than the HfNHby as much as 53.2 kcal/
mol.

targets produced ground state and excited metal atoms as well Figures 7 and 8 show the singlet and triplet potential energy
as ions in the gas phase, only ground-state metal atom reactionsurfaces for the Zr+ NH; and Hf + NHj reactions. The
should be considered here, as the reactions proceeded in soli¢ggeometric parameters of the transition states on the potential
argon matrix after sample deposition. The spectra in Figures 1 energy surfaces are shown in Figure 9, and their vibratonal
and 2 clearly demonstrate that ground-state zirconium and frequencies are listed in Tables 2 and 3. For both the Zr and Hf
hafnium atoms react with ammonia molecules in solid argon reaction systems, ground-state metal atoms interact with am-
matrix to form metal-ammonia complexes: ZrNtand HfNH,. monia to form stable complexes. This initial step is exothermic
The ZrNH; and HfNH; absorptions increase on annealing, and barrier free. From the complex, one hydrogen atom transfers
suggesting that reactions 1 and 2 require negligible activation from the nitrogen to the metal center to form the insertion
energy. intermediate. This isomerization process is also exothermic but
proceeds through a transition state (TS1). In the case of Zr, both

Zr (°F) + NH, (*A)) — ZrNH5 A 1) the ZrNH; complex and the HZrNFinsertion intermediate have
a triplet ground state, and the transition state (TS1) lies about
Hf (°F) + NH, (1A1)—» HfNH, (3A1) 2) 4.6 kcal/mol lower than the ground-state reactants3RJré-

NHs, so the energy barrier from ZrNHto HZrNH, was
estimated to be 15.7 kcal/mol. The reaction process from ZrNH
to HZrNH; has also been theoretically studied by Siegbahn et

The absorptions due to the ZrNknd HfNH; complexes
disappeared on photolysis, during which the HZeENH,ZrNH,
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1255 1020 1258 1021 H,ZrO, and HHfO molecules produced spontaneously on
2115 3~ oH 2105 3l annealing®® Ammonia and water are isoelectronic molecules.
TS1 3932 TEH 111958 T‘;;H The difference is that water has two lone pair electrons while
’ ’ ammonia has only one and that the lone pairs of water are more
1258 | 016 179 1001 Eihghtly bogf};j thaln that i_n a:cmmonia._ A_s tt;]as b_e(_an ?ifr?u%%ed,
e more diffuse lone pair of ammonia is the origin of the larger
TS2 Zfﬂg—?f\“\: H’%Ef*‘“: binding energies for tﬂe complexes than that gf water. ’
1.982 1.288 2.038 1.192 The reactions of Zr and Hf with Niare different than the
reactions of Sc and Y with N&1In the cases of Sc and Y, both
10(5'26\1'85 164 o gas phasé17and matrix isolatioft investigations indicated that
TS3 18%04 ) 1-°|_1|3 18|5_l1\\1 \ 1~0l}|2 the final reaction products are ScNHH, and YNH+ H,. As
I AWARED 1;‘;}( H/1'494 has been discussé#,the reaction difference is a direct
’ : consequence of the change in valence electron configurations
1.885 1.852 of the metal atoms. Sc and Y have only three valence electrons;
TS4 1982 Gy 1.983/|-\ g there are not enough electrons to satisfy chemical bonding in
H 1;14510 H—H 1;14;)9 forming H,ScNH and HYNH, so the H elimination process
1.040 1.028 is the major reaction path. Zr and Hf have four valence electrons
1.867 to satisfy the chemical bonding in forming#NH and H-
TSE 1965 g7 HfNH, and the dominant reaction process is the formation of
|;|a§-| 1_;&36 energetically favored s rNH and HHfNH.

Figure 9. Calculated geometric parameters (bond length in angstrom, Conclusions
bond angle in degree) for the transition states on the potential energy
surfaces shown in Figures 7 and 8. Reactions of zirconium and hafnium atoms with ammonia
molecules in solid argon matrix have been studied by infrared
al. using ab initio methods, and the transition state was predictedabsorption spectroscopy and density functional theoretical
to lie 1 kcal/mol lower in energy than the ground-state calculations. The metal atoms were produced by pulsed laser
reactant8 In the case of Hf, the HfNglcomplex has a triplet ~ ablation of pure metal targets. Various reaction intermediates
ground state, but the HHfNHhas a singlet ground state. and their photolysis products have been produced and identified
Formation of HHfNH requires spin crossing, as shown in Figure by isotopic substitutions as well as density functional theoretical
8. The transition state lies about 1.7 kcal/mol lower in energy frequency calculations.
than the ground-state reactants, 3j(+ NHa. The ground-state zirconium and hafnium atoms reacted with
As shown in Figure 7, two reaction paths are possible starting ammonia to form the ZrNEand HfNH; complexes spontane-
from triplet ground-state HZrNE One path is the Helimina- ously on annealing in solid argon. Density functional calcula-
tion process to form ZrNHF H,. This process is endothermic  tions showed that these complexes have triplet ground state with
by about 18.5 kcal/mol with a 30.1 kcal/mol energy barrier. Cs, symmetry and are correlated with the’stl electron
The other path is a second hydrogen atom transfer from nitrogenconfigurations of the metal atoms. Near UV or visible light
to the metal to form BKZrNH via spin crossing. This process is photolyses bring about photochemical rearrangement of the
predicted to be exothermic by about 8.8 kcal/mol with a 25.1 ZrNHz and HfNH; complexes with the insertion of the metal
kcal/mol reaction energy barrier. In the case of Hf, the HH§NH  atoms into the N-H bonds of ammonia to form the planar
H,HfNH, and HfNH molecules all have a singlet ground state, HZrNH, and finally to the nonplanar $rNH and HHfNH
so the formation of both HHfNH and HfNH from HHfNH, molecules. These photoisomerism reactions are exothermic and
requires no spin crossing. The process from HHNGHINH proceed via transition states.
+ H; is endothermic by about 6.7 kcal/mol with an energy  The results on metal atom and ammonia reactions have been
barrier of 34.1 kcal/mol, while the process from HHfM\kb compared with the metal atom and water reactions. As ammonia
H.HfNH is exothermic by about 9.3 kcal/mol with a 21.9 kcal/ and water are isoelectronic molecules, we find that the reaction
mol energy barrier. The path for the formation ofHINH is mechanisms are similar, and the main difference is the formation
energetically favored over thesHelimination path. of stable complexes in the metal atom and ammonia reactions
It should be mentioned that weak HZrMldbsorption was compared to the corresponding water reactions.
observed in the Z#- NH3 reaction, but no HHfNH absorption
was observed in the Hf+ NH; reaction. Our theoretical Acknowledgment. We gratefully acknowledge financial
calculation indicated that the reaction from complex to the support from NSFC (Grant 20003003 and 20125033), the
inserted HMNH molecule is highly exothermic for both metal NKBRSF of China, and ammonia gas from Dr. Shirun Yan.
systems. There is spin crossing from HZrNtd H,ZrNH, so
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