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Laser-ablated Mn and Re atoms react withugpon co-condensation in excess argon and neon and in pure
hydrogen to produce metal hydrides. The reaction products are identified through isotopic substitytion (D
HD, and K + D,) and density functional theory calculations. TRg ground state diatomic MnH is observed

at 1493.3 cmt in solid neon, 1486.4 cm in hydrogen, and 1477.9 crhin argon. The ReH molecule gives

a sharp band at 1985.0 ctin argon, which is suggested to be %" ground state by DFT calculations.
The MnH, molecule provides’; modes at 1600.8 cm in solid neon, 1598.0 cnt in solid hydrogen, and
1592.3 cm! in solid argon, and the analogous Reidolecule absorbs at 1646.4 chin solid argon. In
addition MnH,~ is observed at 1465.6 crhin solid neon. The bonding properties of the first row transition
metal dihydrides are compared, and reaction mechanisms of Mn and Re wéte Hiscussed. The novel
ReH, molecule absorbs at 2037.2 and 590.6 &nThis work reports the first experimental evidence for
neutral rhenium hydride molecules.

Introduction The reactions of high-melting point metals with molecular
hydrogen are difficult to investigate because these metal atoms
cannot been generated by traditional thermal vaporization
methods. Pulse-laser ablation is one of the most promising
sources for high-melting metal atoms. A principle advantage
of this technique is that more reactive metal atoms are produced
in a very short time (10 ns) with very little heat load onto the
cold matrix substrate during sample deposition. Using this

and nonclassical hydride complexes, including octahedral method second and third row transition metal hydrides have

ReH:2~, which are significant in organometallic chemistry and been s_ynthe5|zed for infrared 'nV?St'gaﬁléﬁ('He )
catalytic proces&:® The intensities of ReH stretching vibra- In this paper we report the reactions of laser-ablated rhenium
tions in rhenium hydride complexes are extremely weak and @nd manganese atoms with molecular hydrogen in solid argon,
are not observed spectroscopically. Finally, reactions of naked "€on, hydrogen, and deuterium during condensation at 3.5 K.
rhenium with molecular hydrogen have not yet been investigated The Vvibrational frequencies and structures of rhenium and
experimentally although theoretical calculations have suggestedManganese hydrides are determined using isotopic substitution
that the RE{S) ground state does not insert intg $pontane- in infrared spectra and density functional theory (DFT) calcula-
ously® Similar theoretical studies have been done for the tions. This is the first observation of neutral rhenium hydride
reactions of rhodium with b} and a large energy barrier for molecule_s. Finally, th_e reaction mech_anisms and the_ nature of
insertion of ground state RIF) into H, was predicted! but in the bonding for the first row metal dihydrides are discussed.
contrast the spontaneous insertion was observed in low-

temperature matrixes, where the sporbit coupling is believed Experimental and Computational Methods

to lower the reaction barrié?.

Reactions of several first and second row transition metal  1he matrix infrared experiments for reactions of laser-ablated
atoms with molecular hydrogen have been investigated in the Manganese and rhenium atoms with small molecules have been
gas phase and low-temperature noble gas matrix samples, whicrlescribed in detail previouskf=?° Laser-ablated metal atoms
are fundamental to understanding bonding reactivity, and from manganese (Johnson Matthey) or rhenium (Goodfellow)
chemical properties of metal hydrides. Sweany has reviewed targets were co-deposited with,HD, and HD in excess neon,
this earlier work!3 For example, Mnk has been synthesized ~argon, and pure hydrogen and deuterium at 3.5 K using a
by Co_condensing manganese and hydrogen atoms in SO“dSumltomo Heavy |ndUStI’IeS RDK'205D CI’yOCOO|er The Nd
argort or Mn and H followed by photolysis in solid xeno#. YAG laser funglamental (1064 nm, 10 Hz repetition rate Wlth
Similar experiments have been done with chromii. The 10 ns pulse width) was used and the laser energy was varied
MnH, molecule was first proposed to be bent with a zt7 ~ from 20 to 40 mJ/pulse. Normal hydrogen and deuterium

30° bond angle, but the same authors suggested in a later papefMatheson), HD (Cambridge Isotopic Laboratories), and selected
that the MnH molecule might well be linea16as found for mixtures were used in different experiments. FTIR spectra were

Neutral rhenium hydrides are unknown experimentally al-
though a number of anion containing compounds such as Mg
ReH;, BaReH, KNaReH, and RBReH;, have been prepared
in the solid state and structurally characterized by infrared
spectra and neutron diffractidn® The nonahydrorhenate anion,
ReHy?~, was the first soluble homoleptic hydrometalate to be
unambiguously characteriz€@Rhenium can also form classical

FeHp.1819 Hence, the structure of MnHemains unclear. recorded at 0.5 crt resolution on a Nicolet 750 with 0.1 crh
accuracy using an MCTB detector. Matrix samples were
* Corresponding author. Electronic mail: Isa@virginia.edu. annealed at different temperatures, and selected samples were
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TABLE 1: Infrared Absorptions (cm ~1) Observed from Reactions of Manganese and Rhenium with Dihydrogen in Excess

Argon, Neon, Hydrogen, and Deuterium

argon neon pure solid
H, HD D, H, HD D, H, D, identification
Mn + H,
3191.7 2303.7 Mnbi(vy + v3)
2916.9 2118.4 MnH @)
1636 1177 1633.7 1174.1 ¢MnH)
1592.3 1615.5, 1155.1 1600.8 1621.7 1159.4 1598.0 1157.1 2MnH
1161.6 1166.7
1539 1116 1544 1552 1109 (MrrMnH,)2
1120
1477.9 1477.9 1066.0 1493.3 1493.3 1077.2 1486.4 1072.7 MnH
1066.0 1077.2
1465.6 1517.0 1073.8 MnH
1093.8
1344 979 1334.9 969.1 MH4
1162.0 849.7 1162.6 1120.0 847.4 1161.6 845.9 ((M)TH)
1089.7 786.1 ?
877.4 876.0 875.0 ((BMNOY
Re+ Hz
2037.3 2037.2 1459.4 ReH,
2043.8
1460.0
1465.0
1985.0 1985.0 14235 ReH
1423.7
1977.0 1426.6 1428.0 Rey
1848.4 1330.8 1864.7 1341.4 1340.5 e
1648.4 1184.6 ReH; (site)
1646.4 1748.2 1182.6 ReH,
1232.1
590.6 ReH,
a Tentative.
subjected to photolysis by a medium-pressure mercury arc lamp  0.144{ MnHD MnHD
L f MnD
(Phillips, 175 W) with globe removed. MnH \ @
Density functional theoretical calculations determined the
structures and frequencies of expected manganese hydrides and — P N
rhenium hydrides using the Gaussian 98 progtaithe BPW91 . 0.10 ©
and B3LYP functional§!—34 the 6-311+G(d,p) basis set for = -
H atom?® modified Wachters and Hay all-electron set for g 1 MuH Mn.H
manganese atofi,and SDD pseudopotential for rhenium atom 2 ! 24 _CH,

e

=

x
L

were employed’ All the geometrical parameters were fully
optimized and the harmonic vibrational frequencies were
obtained analytically at the optimized structures.

Results 0.02+

M/nHZ'

H,0

Infrared spectra are presented for manganese and rhenium . / - , i .
atom reactions with b D,, H, + D, and HD in excess argon, 1600 1500 1400 1300 1200 1100
neon, and pure deuterium, and absorptions for reaction products
are listed in Table 1. Density functional theoretical calculations
of manganese and rhenium hydrides and hydrogen complexe
assist in the identification of these molecules. Hz in neon and Mn (a) co-deposited for 50 min, (b) after 380 nm

Infrared Spectra of Mn + H,. Manganese atoms react with  photolysis, (c) after 246380 nm photolysis, and (d) after annealing
H, during condensation in excess neon at 3.5 K to give product to 11 K; 3% HD in neon and Mn (e) co-deposited for 50 min, (f) after
absorptions at 1600.8, 1493.3, 1465.6, and 1162.6-ciihese ~ annealing to 7.5 K, and (g) after 24880 nm photolysis.
bands exhibited different behavior dn> 380 nm andi > 3). Substitution with HD gave new bands at 1615.5 and 1161.6
240 nm photolysis. With B substitution the bands shift to  cm™ and the same 1477.9 and 1066.0 features as listed in Table
1159.4, 1077.2, 1073.8, and 847.4 ¢tn(Figures 1 and 2). 1. A weak band at 1663.3 crhis due to HMnOH from the
Mixed H; + D> gave the same and D, bands, and the HD  reaction of trace kD with manganese atofiand a very weak
reaction exhibited strong new features in the upper—¥n 833.3 cnt! band @ = 0.001) is due to MnO probably from
stretching region at 1621.7 crhand the lower Ma-D stretching surface oxide on the targ#t.Finally, the ApH* and ArD*
region at 1166.7 crt. bands were observed at 903.1 and 643.0 crimn these

In the argon matrix two major bands at 1592.3 and 1477.9 experimentg?
cm! observed after deposition increased on annealing to 15 In the pure deuterium matrix a strong 1157.1@rhand with
and 25 K and shifted to 1155.1 and 1066.0éwith D, (Figure 1174.1 and 1163.8 cr satellites and 1072.7 crh absorption

-1
‘Wavenumbers (cm )

Figure 1. Infrared spectra in the 165050 cnt? region for laser-
Siblated Mn co-deposited withHor HD in excess neon at 3.5 K: 3%
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Figure 2. Infrared spectra in the 126750 cnt? region for laser-
ablated Mn co-deposited with,»r HD in excess neon at 3.5 K: 3%
D, in neon and Mn (a) co-deposited for 50 min, (b) after 380 hm
photolysis, (c) after 246380 nm photolysis, and (d) after annealing
to 11 K; 3% HD in neon and Mn (e) co-deposited for 50 min, (f) after
annealing to 7.5 K, and (g) after 24880 nm photolysis.
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Figure 3. Infrared spectra in the 1650450 and 12061050 cnt?
regions for laser-ablated Mn co-deposited with Bk, and HD in excess
argon at 3.5 K: 3% klin argon and Mn (a) co-deposited for 50 min,
(b) after annealing to 16 K, (c) aftdr > 240 nm photolysis, and (d)
after annealing to 25 K; 2% HD in argon (e) co-deposited for 50 min,
(f) after annealing to 20 K, (g) after 2480 nm photolysis, and (h)
after annealing to 30 K; 3% Din argon (i) co-deposited for 50 min,
(j) after annealing to 16 K, (k) aftet > 240 nm photolysis, and (I)
after annealing to 25 K; 2% HD in argon (m) co-deposited for 50 min,
(n) after annealing to 20 K, (o) aftdr > 240 nm photolysis, and (p)
after annealing to 30 K.

are dominant (Figure 4). The 1157.1 thband doubled
intensity on4 > 380 nm photolysis. Other bands at 2303.7,
2118.4, 969.1, and 845.9 cthwere also observed in this
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Figure 4. Infrared spectra in the 1650200 and 1206800 cnt?
regions for laser-ablated Mn co-deposited with pure normabtD,

at 3.5 K: Mn (a) co-deposited with 60 STPcc of, tb) after annealing

to 6.2 K, (c) afterA > 380 nm photolysis, (d) after 24880 nm
photolysis, and (e) after annealing to 6.4 K; Mn (f) co-deposited with
60 STP cc of B, (g) after annealing to 7.5 K, (h) aftér> 380 nm
photolysis, (i) after 246380 nm photolysis, and (j) after annealing to
8.5 K.

cm~1with D,. UV photolysis reversed the band intensities, i.e.,
increased the 1646.4 crhband and decreased the 1985.0 and
2037.2 cm! bands. Experiments with H+ D, gave the same
major bands, but with HD the 1646.4 ctband (Re-H
stretching region) shifted to 1748.2 ctand the 1182.6 cr
band (Re-D stretching region) to 1232.1 chiFigures 5 and
6).

The reaction products trapped in neon and pure deuterium
are complicated. Two broad bands at 1977.0 and 1864:7 cm
in the Re-H region and at 1426.6 and 1341.4 chin Re-D
region were observed in a neon matrix. These bands are not
significantly changed on annealing and photolysis. The product
bands observed at 1428.0 and 1340.5 tin pure deuterium
are comparable to neon bands. Finally, only very weak
absorption was detected near 941 <énfor ReQ, which
indicates minimum sample contaminatitin.

Calculations. DFT calculations are done for manganese and
rhenium hydrides, and the results are summarized in Tabiés 2
The ground state of MnH is predicted to B&" at the B3LYP/
6-3114+-+G(d,p) level of theory, and the computed 1.733 A bond
length and 1525.6 cmt Mn—H stretching frequency are close
to the gas-phase experimental values of 1.731 A and 1548.0
cm! (harmonic) and 1490.4 crh (anharmonic), respectivefy. 46
This is in agreement with previous ab initio calculations on
MnH.4748 At the same level theX* state is 19.6 kcal/mol higher
in energy, the Ma-H bond length is reduced by 0.14 A, and
the frequency is increased to 1612.4¢nBPW91/6-31%+G-

(d,p) calculations also give very good predications for the
Mn—H bond length and stretching frequency for tRE"
electronic state; however, the predicted total energies for both

sample. The corresponding pure hydrogen experiment employed > and°X* are very close (0.2 kcal/mol difference). The larger
lower laser energy, and the weaker product bands (Figure 4)6-311++G(3df,3pd) basis set gives basically the same results

are listed in Table 1.

Infrared Spectra of Re + H,. Reactions of rhenium atoms
with H, in excess argon gave strong absorption at 1646.24'cm
with a 1660.8 cm! satellite and a weak band at 1985.0¢m

for both functionals.

For ReH the ground state is predicted to ¥ at both
B3LYP and BPW91 levels of theory, and tAET electronic
state lies respectively 22.7 kcal/mol (B3LYP) and 16.1 kcal/

(Figure 5). Deuterium counterparts appeared at 1182.6 andmol (BPW91) higher in energy. This is in agreement with one

1423.5 cm® (Figure 6). Annealing to 15 K increased the 1985.0
cm~! band, slightly decreased the 1646.4 @énband, and
produced a new band at 2037.2 Thihwhich shifted to 1459.4

but not another previous calculation on R&H° Significantly
the calculated frequencies for the two states are substantially
different: 5t values are near 2100 crhwith =" values near
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TABLE 2: Bond Lengths, Vibrational Frequencies, and Intensities Calculated for MnH, MnH~, and ReH

state bond relative energy frequencies, cmt
method A (kcal/mol) (intensities, km/mol)
MnH
BPW91/6-31%+G(d,p) =+, 1.710 0.0 MnH: 1548.3 (540)
MnD: 1105.1 (275)
55+, 1.590 -0.2 MnH: 1739.1 (20)
MnD: 1241.2 (10)
BPW91/6-311+G(3df,3pd) > 1711 0.0 MnH: 1522.0 (528)
MnD: 1086.3 (269)
53+, 1.588 -0.2 MnH: 1727.5 (17)
MnD: 1233.0 (9)
B3LYP/6-31H-+G(d,p) >+ 1.733 0.0 MnH: 1525.6 (506)
MnD: 1088.9 (258)
5+ 1.590 +19.6 MnH: 1612.4 (195)
MnD: 1150.8 (99)
B3LYP/6-31H+G(3df,3pd) >+ 1.735 0.0 MnH: 1507.0 (496)
MnD: 1075.6 (253)
53+, 1.644 +19.0 MnH: 1604.5 (189)
MnD: 1145.2 (96)
MnH~
BPW91/6-31%++G(d,p) 63+, 1.722 —26.5 MnH": 1334. (825)
MnD~: 952.2 (405)
B3LYP/6-31H+G(d,p) 63+, 1.760 —23.4 MnH": 1276.4 (1006)
MnD~: 911.0 (495)
ReH
BPW91/6-311%+G(d,p)/SDD 53+ 1.644 0.0 ReH: 2099.1 (22)
ReD: 1488.8 (1)
>+ 1.798 +16.1 ReH: 1602.1 (643)
ReD: 1136.3 (324)
BPW91/6-311+G(3df,3pd)/SDD 55+, 1.642 0.0 ReH: 2092.3 (20)
ReD: 1484.0 (10)
st 1.797 +15.5 ReH: 1613.1 (633)
ReD: 1144.1 (318)
B3LYP/6-31H+G(d,p)/SDD 5zt 1.641 0.0 ReH: 2110.0 (28)
ReD: 1496.6 (14)
>+, 1.813 +22.7 ReH: 1545.1 (648)
ReD: 1095.9 (326)
B3LYP/6-31H-+G(3df,3pd)/SDD 53*, 1.640 0.0 ReH: 2101.6 (25)
ReD: 1490.6 (13)
s+, 1.812 +22.3 ReH: 1559.6 (637)

ReD: 1106.2 (321)
a [$?(Jafter annihilation is 12.0000.[$Oafter annihilation is 8.7500.[$2(after annihilation is 6.0002. [$after annihilation is 12.0000.
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Figure 6. Infrared spectra in the 1561150 cnt? region for laser-
ablated Re co-deposited with,Br HD in excess argon at 3.5 K: 2%
Figure 5. Infrared spectra in the 208630 cnT? region for laser- D, in argon and Re (a) co-deposited for 50 min, (b) after annealing to
ablated Re co-deposited withyldr HD in excess argon at 3.5 K: 2% 17K, (c) afterl > 240 nm photolysis, and (d) after annealing to 25 K;
H2 in argon and Re (a) co-deposited for 50 min, (b) after annealing to 3% HD in argon and Re (e), (f) after annealing to 15 K, (g) after
15K, (c) afterd > 240 nm photolysis, and (d) after annealing to 25 K; 240 nm photolysis, and (h) after annealing to 30 K.
3% HD in argon and Re (e), (f) after annealing to 15 K, (g) atter
240 nm photolysis, and (h) after annealing to 30 K. The manganese and rhenium dihydrides were computed at
1600 cntl. The ¥ expectation values (Table 2) are appropriate the same levels of theory. The Malrmolecule is predicted to
for the states calculated. be thebA; ground state with a 1.669 A MrH bond length and

Wavenumbers (cm’)



DFT Calculations of Manganese and Rhenium Hydrides

J. Phys. Chem. A, Vol. 107, No. 20, 2008085

TABLE 3: Geometries, Vibrational Frequencies, and Intensities Calculated for MnH and MnH ,~

relative energy geometry frequencies, cmt
method state (kcal/mol) (A, deg) (modes; intensities, km/mol)
BPW91 oA, 0.0 MnH: 1.669 MnH: 1691.2 (a; 17), 1625.3 (i 646), 413.4 (g 184)
HMnH: 156.2 MnD: 1197.7 (9), 1169.0 (335), 297.2 (95)
MnHD: 1659.2 (309), 1182.7 (195), 359.9 (140)
Y 0.6 MnH: 1.681 MnH: 1695.3 ¢g; 0), 1602.0 §y; 867), 365.0i fr; 306 x 2)
B, 28.7 MnH: 1.571 Mnk: 1805.9 (a; 46), 1796.5 (& 160), 718.7 (a 68)
HMnH: 107.8
Ay 38.6 MnH: 1.659 MnH: 1716.9 (& 9), 1388.5 (b; 7954), 387.9 (g 190)
HMnH: 160.1
554" -18.3 MnH: 1.694 MnH—: 1548.6 @g; 0), 1402.6 §; 451), 359.6 £; 2 x 5)
HMnH: 180.0 MnDQ~: 1095.5 (0), 1009.6 (218), 258.8 (25)
MnHD™: 1483.5 (184), 1044.9 (150), 313.9 £25)
B3LYP2 DY 0.0 MnH: 1.692 MnH: 1697.3 ¢g; 0), 1621.2 §y; 759), 240.8 £; 339 x 2)
MnD;: 1200.8 (0), 1167.0 (397), 173.2 (1%52)
MnHD: 1661.0 (350), 1182.4 (227), 209.9 (257)
‘B, 38.1 MnH: 1.579 MnH: 2352.9 (b; 1887), 1782.6 (8 55), 741.2 (& 69)
HMnH: 111.7
Ay 44.3 MnH: 1.592 MnH: 1847.2 (b; 115), 1772.4 (a8 52), 593.1 (g 68)
HMnH: 102.9
%Ay —17.3 MnH: 1.689 MnH™: 1557.7 (@, 2), 1429.3 (b; 452), 396.7 (g 11)
HMnH: 165.4 MnD: 1102.1 (1), 1028.5 (218), 285.5 (8)

aBasis set: 6-311+G(d,p) for H and Wachters-Hay for Mn.

MnHD~: 1499.4 (191), 1059.6 (145), 344.2 (10)

TABLE 4: Geometries, Vibrational Frequencies, and Intensities Calculated for ReHand ReH,~

relative energy geometry

frequencies, cmt

method state (kcal/mol) (A, deg) (modes; intensities, km/mol)
BPW9R 5A; 0.0 ReH: 1.745 Repd 1874.5 (a43), 1717.7 (i 463), 648.4 (g 10)
HReH: 146.0 ReR 1326.9 (22), 1221.0 (233), 460.7 (5)
ReHD: 1803.6 (214), 1266.9 (167), 562.2 (8)
D 3.3 ReH: 1.787 Reld 1853.7 (g, 0), 1600.4 §y; 1158), 745.5i f; 243 x 2)
‘B 7.3 ReH: 1.651 Repd 2073.7 (g 27), 2061.3 (b 86), 738.0 (& 29)
HReH: 112.5
63, " 50.1 ReH: 1.770 Rel 1672.9 (¢g; 0), 1339.0 ¢y; 1158), 793.64y; 243 x 2)
A, -11.7 ReH: 1.768 Reft: 2008.1 (b; 2008.1), 1696.2 (@137), 439.4 (g 1)
HReH: 145.6
B3LYP? 6A; 0.0 ReH: 1.753 Rep 1871.8 (a; 43), 1697.8 (ly 572), 586.5 (g 24)
HReH: 147.8 ReR 1325.0 (22), 1206.9 (289), 416.8 (12)
ReHD: 1794.3 (253), 1257.0 (210), 508.4 (19)
65g" 3.2 ReH: 1.787 Repl 1865.6 (g; 0), 1597.1 §y; 1160), 583.7if; 226 x 2)
B, -1.4 ReH: 1.648 Repd 2107.9 (b; 138), 2098.5 (g 42), 801.8 (& 23)
HReH: 114.1
D 47.3 ReH: 1.770 Rek 1680.5 ¢g; 0), 1331.1 §; 1150), 802.24y; 3 x 2)

aBasis set: 6-311+G(d,p) and SDD pseudopotential for Re.

with a slightly bent 156.2H—Mn—H bond angle at the BPW91/
6-311++G(d,p) level (Table 3). Linear Mng(®=4) is calcu-
lated to be only 0.6 kcal/mol higher in energy, but imaginary
frequencies are found for the degenerate Mth—H bending
mode. Two bent quartet Mnt$tructures lie 28.7 and 38.6 kcal/
mol higher in energy. With the B3LYP functional only the linear
634" ground state is located for MpHin agreement with early
and recent reporfd;>2and the two quartet states lie much higher
in energy. Finally, very recent CCSD calculations find MnH
to be linea®

Similar calculations are reported for Rgiith the BPW91
and B3LYP functionals (Table 4). With the SDD pseudopo-
tential employed for Re, th#A; state with a 146 0H—Re—H

BPWO91 functional predicts théB;, A1, and®A, (Hz)MnH
states are 1222 kcal/mol higher than th@; state. The BSLYP
functional gives similar results in thdB; is the ground state
by 3 kcal/mol over H + MnH and 3-20 kcal/mol over the
above three (MnH states. Note that the total energy objH
MnH is lower than that of MnH+ H but that (B)MnH, is
higher than MnH + H,. Because the Mnjmolecule is a sextet
state, sextet states for {finH, are computed but these are
repulsive. More rigorous CCSD calculations fin€a H,MnH
molecule?® The higher rhenium hydrides, ReKCs) and ReH
(D2g), are computed at the same levels of theory starting with
dihydrogen complexes (Table 6), and in contrast, hydride
structures are converged. Rehbs slightly distorted from

bond angle is predicted to be the ground state, and the lineartetrahedral symmetry in th#\; ground state at the DFT level,
654t state with imaginary bending frequencies is about 3 kcal/ and the*A; state is slightly higher in energy.

mol higher in energy. Another line&E," state is found with
real frequencies, but it is 50 kcal/mol higher in energy.

States for the dimanganese speciesirand MnH, were
calculated with BPW91; ah'A4 rhombic ring (MnH} was 5

Higher manganese hydrides are calculated to provide a guidekcal/mol more stable than the two nonet states. TheHMn

for reaction products asmoieties are associated with MnH
and MnH, (Table 5). The hydrogen complexes,,jMnH and
(H2)MnH, are obtained instead of MntHand MnH,, respec-
tively, as found in calculations for V and Cr hydridé$> The

molecule converged to a stable nonet spin skatestructure
with real frequencies (Table 5), a 2.17 A MMn bond, 124.6
H—Mn—H angles, a short MaH, distance of 1.680 A, and a
long MnH, distance of 2.040 A.
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TABLE 5: Geometries, Vibrational Frequencies, and Intensities Calculated for Higher Mangenese Hydrides at the BPW91

Level
relative energy geometry frequencies, cmt
molecule state (kcal/mol) (A, deg) (modes, intensities, km/mol)

(H2MnH (Cy) 5B. —11° MnH: 1.641 2126 (g 556), 1699 (g 205), 1608 (b; 18),
MnH': 1.693 955 (g 41), 504 (lp; 77), 301 (k; 131)
H'H'": 0.940

(H2)MnH; (Cy,) Az +15.C MnH: 1.619 1897.9 (g 544), 1817.9 (g 0), 1781.2 (ly; 31), 1778.6 (i 31), 1006.8

(a; 0), 959.2 (g 0), 675.1 (& 812), 454.3 (g 22); 454.1 (b, 22)

MnH'": 1.620
HH: 1.025
H'H": 1.026

(MnH); (Czn) HAy —46 MnH: 1.843 1284 (@ 75), 1232 (g 0), 1148 (y; 144)
HMnH: 96.6 753 (g 0), 421 (y; 112), 269 (g 0)

MnzH4 (Dag) X -1 MnH: 1.680 1539 (g 0), 1526 (; 19), 1463 (e; 23% 2)
MnMn: 2.176 763 (l 0), 605 (e; 6x 2), 476 (a; 0)
HMnH: 124.6 299 (g 0), 286 (b; 228), 259 (e; 1% 2)
Mn'H: 2.040 [1091 (0), 1081 (10), 1048 (120)]

[1533 (10), 1462 (237), 1086 (5), 1049 (120)]
[1503 (110), 1495 (125), 1069 (69), 1065 (68)]

aBasis set: WachtersHay for Mn and 6-31%+G(d,p) for H.? Energy relative to kBl + MnH. ¢ Energy relative to K + MnH,. ¢ Energy
relative to 2 MnH.¢ Energy relative to 2 Mnkl f Mn;Dy4. ¢ MnH,MnD,. " MNHDMNHD.

TABLE 6: Geometries, Vibrational Frequencies, and Intensities Calculated for ReH and ReH,?

relative energy geometry frequencies, cmt
molecule (symm) state (kcal/mol) (A, deg) (modes, intensities, km/mol)
BPW91/6-313%+G(d,p)/SDD
Reks (Cy A 0.0 ReH: 1.645 Refl 2114.8 (& 15), 2092.7 (3 78), 2091.2 (4; 82)
ReH: 1.649 725.9 (a29), 490.0 (g 78), 312.7 (&; 62)
H'ReH: 111.6  Rel: 1498.4 (9), 1484.9 (42), 1484.6 (39), 515.2 (15)
348.6 (39), 221.6 (31)
A 0.8 ReH: 1.646 Repl 2119.2 (& 34), 1891.3 (3 60), 1711.8 (4; 438), 773.0 (3 6),
259.0 (& 76), 505.2i (&; 1)
ReH: 1.740
H'ReH:146.0
ReH; (D2q) A 0.0 ReH: 1.649 Rell 2116.2 (g 0), 2096.6 (e; 76« 2), 2093.5 (b; 102)
HReH: 108.2 777.5 (@0), 673.9 (b; 62), 626.0 (b; 0), 584.8 (e; 72« 2)
ReDs: 1496.9 (0), 1489.1 (3% 2), 1485.8 (52), 550.0 (0)
480.1 (31), 442.8 (0), 416.9 (37)
ReH:D,: 2104.9 (49), 2096.0 (74), 1491.4 (28), 1489.9 (42)
734.2 (22), 547.7 (63), 541.1 (0), 506.5 (24), 462.1 (45)
Ay 3.9 ReH: 1.691 Reld 2016.9 (g 0), 1948.6 (e; 51 2), 1948.5 (b; 166)
HReH: 71.0 911.9 (H0), 507.5 (g 0), 467.5 (e; 27 2), 452.7 (I; 45)
B3LYP/6-311+G(d,p)/SDD
ReH; (Cs) A 0.0 ReH: 1.652 Repi 2145.1 (4 55), 2116.1 (&; 63), 2102.9 (9 133)
ReH: 1.640 698.8 (4 21), 684.8 (§ 69), 341.1 (5 12)
HReH: 110.4 ReDl: 1521.8(33), 1500.8 (32), 1491.9 (63), 495.5 (11)
H'ReH:86.6 486.6 (35), 242.0 (6)
SA 1.0 ReH: 1.646 Reli 2130.3 (& 50), 1900.9 (5 67), 1708.1 (4; 568), 732.5
(@; 13),227.9 (5 113), 486.3i (&; 2)
ReH: 1.745
HReH: 106.2
H'ReH:147.6
ReH; (D2q) A 0.0 ReH: 1.649 Rekl 2146.2 (g 0), 2120.8 (B, 152), 2119.2 (e; 12& 2)
HReH: 110.5 769.6 (a0), 643.6 (; 76), 600.2 (e; 84« 2), 527.0 (Iy; 0)
ReDs: 1518.2 (0), 1505.6 (62 2), 1505.5 (78), 544.4 (0)
458.4 (39), 427.3 (4% 2), 372.8 (0)
ReH:D,: 2133.6 (74), 2119.3 (117), 1511.9 (41), 1506.6 (65), 719.4 (25),
560.9 (73), 488.7 (32), 476.2 (53)
455.2 (0)
A, 4.9 ReH: 1.688 Reld 2043.1 (g 0), 1989.2 (b; 200), 1953.7 (e; 86¢ 2)
HReH: 75.9 879.1 (H0), 582.9 (g, 0), 475.5 (; 19), 396.2 (e; 4% 2)

aBasis set: 6-31++G(d,p) and SDD pseudopotential for Re.

Finally, the MnH", MnH,~, and ReH~ molecular anions
were computed, and these are also listed in the tables.

Discussion

MnH. The sharp 1477.9 and 1066.0 chargon matrix bands
observed for Mn with Hand D, respectively, increase on 20
K annealing, decrease slightly @~ 240 nm photolysis, restore
on 25 K annealing, and then decrease on subsequent annealing.

The new product absorptions will be identified and assigned Precisely the same bands are observed with the HD reagent,
from isotopic shifts and comparison to DFT frequency calcula- which demonstrates that a single H(D) atom is involved and

tions.

indicates the MnH and MnD assignments. The MnH/M#&D
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1477.9/1066.6= 1.3864 ratio is appropriate for a metal-hydride points to the observation of a higher, unobserved symmetric
vibration. Our observations are in agreement with the Weltner mode. In the neon matrix case the symmetric mode is predicted
reporf4 within experimental measurement error. for MnH, at 1601+ 2(1622— 1601)= 1642 cn1?! (the Mn—H
The MnH and MnD molecules exhibit a modest blue shiftin mode for MnHD should be near the median gf(ag) and b
solid neon to 1493.3 and 1077.2 ch respectively, (ratio  (ouw) MnHz modes).
1.3863) (Figures 1 and 2). Again the same bands are observed Very strong absorptions at 1598.0 and 1157.1&in pure
with HD. In neon these bands decrease slightly on annealing toH, and Dy, respectively, with ratio 1.3810, are shifted only 2.8
9 K. The sharp 1072.7 cm absorption in pure deuterium  and 2.4 cm? from the above neon matrix values, and these
intermediate between the argon and neon matrix values ispands are due to the antisymmetric stretching modes of MnH
assigned to MnD with the pure hydrogen MnH counterpart at and MnD, isolated in solid dihydrogen with little chemical
1486.4 cm* (ratio 1.3859). Even though MnH is a high-spin  interaction. The MnHD counterparts are observed at 1617.7 and
('=") species, interaction with the hydrogen host is minimal. 1163.8 cm® in pure D». The weaker 3191.7 and 2303.7 thh
Weaker bands at 2916.9 and 2118.4 énrack with the absorptions track with the very strong absorptions (0.80 and
stronger 1486.4 and 1072.7 cinfundamental bands and are  0.70% relative absorbance, respectively) and are assigned to
due to the corresponding overtones. The absorbances are 2916.the v, + v3 combination bands of MniHand MnDy. As thev,
(0.0038), 1486.4 (0.293), 2118.4 (0.0005), and 1072.7'*cm modes of MnH and MnD; are deduced to be 42 and 18 th
(0.060). The harmonic and anharmonic vibrational constants arehigher than thevs modes in solid neon, and the + v3

therefore determined: 2 1486.4— 2916.9= 55.9 cm! = combination better accounts for the expected anharmonicity than
20Xe andwe = 1542.3 cmi* for MnH whereas 2< 1072.7— a possible 2; overtone assignment. The lack of an obvioys
2118.4=27.0 cm! = 2weXe andwe = 1099.7 ¢t for MnD. fundamental is in accord with a linear Makholecule.

These constants are slightly smaller tlhan gas-phase values: for Tne identification of MnH is further confirmed by quantum
MnH Sol'd H, red shiftswe by 5.7 cnm? (0.37%) andwexe by chemical calculations. First, MnHs predicted to be linear at
0.8 em (2.7%), and for MnD Sl°|'d Pred shiftswe by 2.8 the CCSD(T) level in #=4* state with 1646.5 cmt oy and
— 0, 0,
cm _(0'25_@) anvexe by 0.4 cnm™ (2.9%). Hence th(_e £(D2) 1608.9 cm! g, frequencies corrected for anharmoniéityf-hese
matrix environment affects the anharmonic potential constant calculated frequencies are extremely close to our 1642 and
relatively more than the harmonic potential constant. 1600.8 cn1! neon matrix values. Second, our DFT calculations
Thezmatrlx assignments for MnH are in accord with the gas- fit aimost as well. The BPW91 method converges to a slightly
phasé? fundamental frequency, 1490.4 chpwhere the neon  pent (156.2) 6A, state with uncorrected 1691.2 and 1625.3 €m
ma}rllx affeqts a 2.9 cm blue shlft., the hydrogen matrix a 4.0 3 and b harmonic frequencies, respectively, and the lirfEgt
cm* red shift, and the argon matrix a 12.5chned shift. These  giate s only 0.6 kcal/mol higher with uncorrected 1695.3 and
modest matrix shifts are in line with vibrational frequency shifts 1502 0 cnrt 04 and o, frequencies (Table 3). The B3LYP
for other molecule$® However, the larger red matrix shiftin 5 cyation converges to &4t ground state with uncorrected
argon is in accord with the greater polarization and interaction 1597 3 and 1621.2 cm harmonic frequencies.
of 7= MnH with argon as described for the Fermi contact
interaction®* Finally, the experimental MnH frequencies are in

agreement with the prediction of the most recent quantum . .
chemical calculations for the grour®™ state, as described in nm photolysis. The photosensitive Bounterpart at 1073.8 cth

. ; defines a 1465.6/1073:8 1.3649 ratio, which is slightly lower
a recent review® The 1530 cm! MCPF value is representa- - ’ i
tive4” Our BPW91 and B3LYP calculations (Tabrl)e 2) find than the ratio (1.3807) for Mni Photosensitive HD counter-
similar frequencies for MnH. parts at 1517.0 and 1093.8 ctare in accord with assignment

to a MnH; vibration and the photolysis behavior suggests the
. MnH 5. Infrgred specira of Mnh;lhave .been rep‘;”ed follow- MnH;~ anion observed by 488 nm laser photodetachment in
ing photolysis of Mn and K in solid xenod® and co-

condensation of Mn and H atoms in excess arffdrhe present the gas phase. . . . .
argon matrix spectrum is in agreement with that of Weltner et~ Our B3LYP calculations predict a strong antisymmetric
al. except for 0.5-1.7 cnr ! differences in grating spectrometer  Strétching fundamental for a slightly b_e‘ml ground state of
measuremerit The identification of MnH is confirmed by the ~ MnHz2™ near 1430 cm'. This result is in general agreement
spectra of MnHD and MnR The MnH/MnD, antisymmetric W!th CCSD calculations, which describe a linear |\/HT|'$I’IIQI’1
stretching frequency ratio 1592.3/1155:11.3785 and the ratio ~ With strongoy fundamental at 1488 or 1430 cthdepending
for the Mn—H/Mn—D stretching modes of MnHD 1615.5/ ON the basis sé€ The agreement between calculated and
1161.6= 1.3908 are both indicative of metahydride vibra- observed frequencies invites assignment of the photosensitive
tions. The former antisymmetric mode is more anharmonic than 1465.6 cn* absorption to Mnk™.
the bond stretching modes in MnHD. The observation of two ~ The HD counterpart absorptions at 1517.0 and 1093.8'cm
new absorptions with HD and their relationship to the strong strongly support this assignment. Our DFT calculations find the
MnH; and MnD, product bands demonstrates that two equiva- symmetric mode above the antisymmetric mode, and thus both
lent H(D) atoms are involved in the vibration. Thus the strong stretching modes of MnHDshould be higher than thg modes
1565 cntt band assigned to MriHn solid xenon?® sustains a of MnH,~ and MnDy~, as found for MnH and MnDy, but in
large red shift by this polarizable medium. The weaker 1591 the anion case the mode separations are larger. Our BPW91
cm ! absorption is probably due to Mntholecules on surface  calculation predicts the MaH and Mn-D stretching modes
sites with weaker matrix interactions. of MnHD™ to be 73 and 32 cnit higher than the antisymmetric
Our neon matrix spectrum gives blue-shifted bands at 1600.8 stretching modes of Mny and MnDy~, respectively, in
cm1 for MnH, and 1159.4 for MnD (ratio 1.3807), and at  excellent agreement with the observed 51 and 20'separa-
1621.7 and 1166.7 cm for the Mn—H and Mn-D stretching tions. Thus, the unobserveg mode of MnH~ is deduced to
modes of MnHD (ratio 1.3900). The appearance of MnHD be 1466+ 2(51) = 1568 cn1! from observed frequencies.
absorptions above the antisymmetric modes of Maktl MnD; Finally, our DFT calculations estimate a -1Z8 kcal/mol

MnH . The new 1465.6 cm neon matrix band decreases
slightly on annealing and is virtually destroyed by 22880
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electron affinity for MnH, which is slightly higher than the
10.2 kcal/mol experimental valié.

The slightly lower H/D frequency ratio for Mni as
compared to Mnk implies greater anharmonicity in the
vibration instead of a structural difference. Although our B3LYP
calculation finds slightly bent species, recent CCSD computa-
tions give linear structures for both. High-resolution spectra of
FeH,, which is isoelectronic with Mnkt, characterize a linear
molecule!®

Higher Manganese Hydrides.Four weak bands at 1636,
1544, 1344, and 1162.6 crhin solid neon remain to be

Wang and Andrews

H(D) atom is involved and suggests the ReH and ReD diatomic

molecules. The H/D frequency ratio 1985.0/1423:51.3945

is slightly higher than found for MnH, which is appropriate for

the vibration of H(D) against a heavier metal atom.
Assignment of the 1985.0 cmi solid argon band to ReH is

supported by quantum chemical calculations. Both BPW91 and

B3LYP calculations find th&€=" state lower than th&™" state

(by 16.1 and 22.7 kcal/mol, respectively), but the harmonic

frequency is substantially higher, in the 2100¢megion, for

the 5=+ state. This is consistent with the 1985.0 énfunda-

mental in solid argon. Unfortunately, we are not able to isolate

assigned. These bands increase on photolysis, which increaseReH or ReH in solid neon: we believe the heat load on the
MnH and MnH so dihydrogen complexes or aggregates of these condensing sample is too great for rapid freezing because higher

molecules must be considered. Our DFT calculations findbg (H
MnH complex, but higher level calculations characterize;a H
MnH hydride species withC,, symmetry?® However, both
predict the strongest infrared band in the high 160G%ragion.
Accordingly, we tentatively assign the 1636 chabsorption

laser energy is required to ablate Re than Mn. Although ReH
has not yet been observed in the gas phase, the present argon
matrix observations point to a gas-phase fundamental near 2000
cm~1 for the 5= ground state.

ReH,. The sharp 1646.4 and 1182.6 thbands for Re with

to an HMnH species, which can reasonably be expected in this H, and D in argon show little change on 15 K annealing,

systemt* A small yield of this product is observed in pure H
at 1633.7 cm?.

The 1544 cm? band exhibits the characteristics of a MnH
vibration: shift to 1109 cm! with D, (1.392 ratio) and higher
HD counterparts at 1552 and 1120 thhanalogous to MnHD.
Our DFT calculations find (pMnH; to have higher energy
than H and Mnh. This is in line with our observation of MnH
and MnD in solid H, and D, respectively, only 42 cnr?!
lower than in solid neon, which shows that Mpgéibes not form
a dihydrogen complex. The bent Crhinolecule, however,
readily complexes with dihydroged.The 1544 cm! band

increase slightly on broadband photolysis (other experiments
show more increase than Figure 5c), and decrease slightly on
25 K annealing. Using the HD reagent, the above bands were
extremely weak, but new 1748.2 and 1232.1 énbands
exhibited the same behavior (Figures 5 and 6). This is the pattern
found for MnH, where the symmetric MaH stretching mode

is above the antisymmetric MfH stretching mode, and the
two new bands with HD confirm the identification of RgH
The unobserved symmetric stretching mode is predicted near
1850 cnl, substantially higher than the strong antisymmetric
stretching mode.

increases on annealing and is tentatively assigned to a weak The 1646.4 cm! assignment to the strong Be—H stretching

Mnyx—MnH; complex where the Mnklistructure is essentially
unchanged.

The broad 1344 and 979 cineon matrix absorptions exhibit
sharper 1334.9 and 969.1 chsolid hydrogen and deuterium
counterparts, respectively. PhotolysisX 380 nm) increases
the 1334.9 cm! band slightly and the 969.1 crhband 3-fold.
The H/D isotopic frequency ratios, 1.373 and 1.378 are
appropriate for a Mnklvibration, and the large yield of MnH
in pure hydrogen and deuterium invites consideration ofHi4n
Our DFT calculations find a stablB,y structure with a very
strong e mode at 1463 crh which, scaled by 0.92, fits the

fundamental of Reklis supported by our DFT calculations,
which find a slightly bent®A; ground state with £ mode
predicted at 1717.7 cm (BPW91) and 1697.8 (B3LYP).
Furthermore the much weaker, unobservethade is predicted
higher at 1874.5 cmt (BPW91) and 1871.8 cnt (B3LYP), in
good agreement with extrapolation from the spectrum of ReHD.
In addition, our BPW91 calculation predicts ReHD frequencies
85.9 and 45.9 cmt higher than Rekland ReD, respectively,

in very good agreement with the 101.8 and 49.5 tobserved
differences. It is possible that future higher level calculations
will find ReH, to be linear; however, the strong infrared active

observed bands. Furthermore, the mixed isotopic pattern showsundamental should be observed at 16600 cnT? in the gas

that four slightly coupled hydrogens are involved in this mode,
and the four satellite bands fit the pattern computed for
MnHDMnNHD (Table 5). A 50/50 pure WD, experiment gave
strong new 1337.6 and 969.4 cibands with weaker 1350.9,
1367.8 cnm! and 976.8, 982.3 cm satellites, and the same
pattern was observed with pure HD.

The 1162.6 cm! band is in the region expected for bridged
hydrogen vibrations. This band shifts to 847.4¢émvith D,
(H/D ratio 1.3720), but HD counterparts are masked by other
absorptions. The calculation of (Mnfs a formidable theoreti-
cal problem. Using BPW91, we find &fA4 ground state with
the strongest infrared absorption at 1148 ¢érand a weaker
band at 1284 cm'. The 1162.6 cm! band is tentatively
assigned to (MnH)

ReH. The sharp bands for Re with,Hand D, in argon at
1985.0 and 1423.5 cm, respectively, increase on 15 K

phase.

Our calculations find a bent quartet state slightly higher with
BPWO91 and slightly lower energy with B3LYP, but the b
frequency is above 2000 crh This is clearly not compatible
with the observed spectrum of RgH

ReH,. The next most intense absorption in the argon matrix
spectrum at 2037.2 cmh increased on annealing to 15 K,
decreased on photolysis and increased on further annealing. With
D, this band shifts to 1459.4 cmy giving the 1.3959 H/D
isotopic frequency ratio. The HD and.H- D, experiments gave
doublets at 2037.2, 2043.8 cfnand 1460.0, 1465.0 cm. This
isotopic pattern of four ReH(D) stretching modes is due to a
tetrahydride species as described for ZrHfH 4,20 WH,4,25 and
YH4~.26 The above band pairs are assigned to symmetric and
antisymmetric Rekland ReD stretching fundamentals, respec-
tively, in ReHD». The Re-H and Re-D stretching frequencies

annealing, decrease on photolysis, and increase more on 25 Kof the tetrahydride are calculated by DFT (Table 6). The
annealing (Figure 5), but decrease on final 30 K annealing (not structure of Rellis converged td,4 symmetry instead ofy,

shown). This behavior is analogous to that found for MnH in
solid argon. With the HD reagent, the above bands were

and as a result the degeneratemode () in Tq symmetry is
split into a b mode at 2093.5 cnt and degenerate e mode at

observed essentially unshifted, which indicates that a single 2096.6 cm! with the BPW91 functional. However, one band
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TABLE 7: Calculated Structures and Argon Matrix M —H Stretching Frequencies for the First Row Transition Metal
Dihydrides?

ScH TiH, VH, CrH, MnH, FeH, CoH, NiH»
ground state 27, 3A, ‘B, 5B, A, A1 B Ay
M—H (A) 1.815 1.749 1.692 1.638 1.669 1.620 1.566 1.425
HMH (deg) 116 122 118 110 156 146 140 77
calvs (by) 1506 1578 1615 1663 1625 1694 1736 2119
calvy (&) 1528 1592 1639 1672 1691 1745 1800 2125
expvs 1435 1508 1614 1592 1661 1684 1969
expvi 1532 1651 2007

a Calculated at BPW91/6-331+G(d,p) level.” Reference 265 Xiao, Z. L.; Hauge, R. H.; Margrave, J. U. Phys. Cheml1991, 95, 2696. See
also ref 629 References 17 and 55Reference 14, this work. MnHs probably linear; see ref 58Reference 18. FeHs probably linear; see ref
19.9Billups, W. E.; Chang, S.-C.; Hauge, R. H.; Margrave, JJLAm. Chem. Sod.995 117, 1387." Reference 60.

observed at 2037.2 crhfor ReH, in solid argon, and the HD  to stronger bonds and higher vibrational frequencies for the third
isotopic spectrum support approximalg symmetry. It is row hydrides?3

possible that the structure of Rgls slightly distorted fromily Reaction Mechanismsinsertion of ground state Re into,H

to D2g, and that the band splitting is overestimated by theoretical is exothermic by 12 kcal/mol (reaction 1) calculated at the
calculations. Finally, a weaker 590.6 chband tracks with the BPW91 level, which is in near agreement with the CAS-MCSCF
2037.2 cmi! band in three experiments, and it is assigned to

the strong bending mode predicted at 584.8 tivy DFT. Re (S)+ H,—ReH, (*A,) AE=—12kcal/mol (1)

Other Absorptions. Absorptions appeared on annealing at
1874.6 and 1848.4 cmin solid argon. A neon counterpart was ~ prediction (18 kcal/mol}? however, reaction 1 is not spontane-
found at 1864.7 cmt and a pure deuterium counterpart at ous in this low-temperature matrix experiment. Theoretical
1340.5 cmt. These bands are probably due to polymetal hydride calculations suggest that there is a large 100 kcal/mol energy
species that cannot be identified. The observéatiorf stable barrier for this reaction, but that théexcited state of the Re
ReH?~ at 1870 cm! and the strongest mode of ReH atom can avoid this barrier and insert into,.¥ In our
calculated at 2008 cnt by DFT further suggests that rhenium  experiments this insertion reaction is induced by broadband
hydride molecular anions may be involved. Stable anions such photolysis, which can access tH®eaexcited staté! near 14 200
as ReH™ and ReH™ have been computéd. cm L.

Bonding Considerations.As shown in Table 7 on the basis Similar insertion occurs in the manganese atom reaction with
of the BPW91/6-31%+G(d,p) calculations the My bond Ha, which is exothermic by 13 kcal/mol. Reaction 2 can be
lengths decrease and the frequencies generally increase excepiduced byl > 380 nm photolysis, in solid neon. However, in
for MnH, as atomic number increases. However, the bond angles 6 6
for metal dihydrides are quite diverse. The early metal dihy- Mn (°S)+ H, —~MnH, ("A;))  AE= —13kcal/mol  (2)
drides (ScH, TiH,, VH», and CrH) favor bond angles around
110-12C°, but close-to-linear structures are found for MnH  Solid argon, annealing to 20 K clearly increases the Mahtl
(156°), Feh (146°), and Coh (141°). However, for Nit the MnD, absorptions. However, sz ar_1d McCaff?‘éjound that
bond angle is reduced to 7awhich is in excellent agreement ~ thermal Mn atoms co-deposited with,Hh xenon gave no
with recent observations and computations of the Weltner group '€action product, but irradiation at 285 nm in the — °S
for the A, statef® although théA, state is found to be slightly ~ reésonance transition formed MaHt is therefore likely that
lower in energ§! and NiH; is thought to be linear from the  the growth of MnH on annealing in solid argon is due to
photoelectron spectrum of NiH.57 Different hybrid prototypes successive atom combination reactions 3 and 4 as MnH and
must be considered het® The optimal bond angles for sp and MnH: are clearly formed on annealing.
sd hybrids are 180and 90, respectively. For the early transition

metals sd hybridization is more favorable but a mixture of 3d, Mn (°S)+ H (*S)— MnH ('=") (3)
4s, and 4p is involved in the bonding. For Mygp hybridization i 5 6
is formed and the same bonding characters are expected for MnH ('X7) + H (°S)— MnH, (A, 4)

FeH and CoH. In this case it seems d orbitals maintain high- ) ) ) )
spin, which retains a favorable exchange energy. Note a '€ ReH intermediate further reacts with:Ho give Reh,

contamination from d character in the bonding orbital is not '€&ction 5. This exothermic reaction proceeds spontaneously in

avoidable, which leads to a near-linear structure. By contrast, the low-temperature matrix and shows no significant activation

the bond angle is reduced to7in the ?A; state for Nih, in 6 5

near agreement with other calculatiddsndicating sd hybrid- ReH, A} +H,—~ReH, ("A,)  AE = —26 kcal/mol

ization rather than sp, and more d than s character is involved (5)

in this bond. Recall that this bond angle is reduced td 29

PdH,, where no s orbital is involved and the molecule is MnH, (°A,) + H, — (H,)MnH, (‘A,)

essentially a Pd(k) complex?! AE = 15 kcal/mol (6)
Note that the antisymmetric frequency for the third row

dihydride ReH (1646 cnt?) is higher than that for the first ~ energy requirement. In contrast, a possible reaction channel of

row dihydride MnH (1592 cntt in argon). The same relation-  MnH; with H; to give (H))MnH> (*Ay) is endothermic by 15

ship is found for CrH (1601 cnm1)%> and WH, (1832 cntlin kcal/mol, and MnH (2A,) lies 44 kcal/mol higher in energy.

neon)?> and for TiH, (1435 cnT1)%2 and HfH, (1622 cntlin Accordingly, no further reaction of Mnfivith H, was observed

argon)?° This undoubtedly arises from the effect of relativistic in neon, argon, and pure hydrogen, and Mngithe dominant

contraction not counterbalanced by shell expansion, which leadspecies. This is in marked contrast to Grhivhich readily
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complexes with dihydrogetf:>>In addition, we find with a 50/ Pt with hydroger222 No further reactions were observed for
50 H,/D, mixture that laser-ablated Mn reacts preferentially with  MnH; with hydrogen, even in pure hydrogen, whereas ReH
H, as the MnH and Mnhklbands are 4 times stronger than the combines with Hto give ReH, which is characterized by two
MnD and MnD, absorptions. The small yield of MNnHD shows infrared fundamentals and DFT calculations. This work reports
that reaction 4 participates. the first experimental evidence for neutral rhenium hydride
In the laser-ablation process the endothermic reaction of Remolecules.
and Mn atoms with klgives ReH and MnH, respectively, and
these reactions are activated by excess energy in the laser-ablated Acknowledgment. We gratefully acknowledge support for
metal atomg> this work from NSF Grant CHE00-78836 and helpful cor-
respondence with C. W. Bauschlicher, Jr.
Re (S)+ H,—~ReH {2)+H AE=48kcal/mol (7)
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