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Laser-ablated beryllium atoms react with H, upon co-condensation in excess hydrogen and neon to form BeH, and
(BeH,)2, which are identified through isotopic substitution and DFT calculations. Unreacted Be atoms isolated in
solid neon or hydrogen are excited to the P, state and react further with H, to enhance the BeH, and (BeH,),
concentrations and produce (BeH,), polymers. The series of strong infrared-active parallel Be—H—Be bridge-bond
stretching modes observed for (BeH,), polymers suggests one-dimensional structures, and this conclusion is supported
by DFT calculations. The computed polymerization energy per BeH, unit is about 33 kcal/mol.

Introduction

Solid BeH is difficult to prepare, particularly in pure
crystalline form, and early attempts have produced amor-
phous and crystalline forms that evolved hydrogen gas upon
heating and were believed to involve flat polymeric chains
of bridging hydrides:# However, the pure crystal structure
has been established by high-resolution X-ray diffraction
using synchrotron radiation as body-centered orthorhombic
with a network of connected BeHetrahedra, and there is
no known analogue among other compounds containing
tetrahedral building blocks Structural quantum effects in
amorphous solid BeHand BeD have recently been inves-
tigated® Furthermore, DFT structure calculations on crystal-
line BeH’ are in agreement with the X-ray analy3is.
Although Beh has a high hydrogen storage capacity (18.2
wt %), this solid hydride has been ruled out for commercial
hydrogen storage material because of its high toxicity, but
it has still attracted considerable interest for nuclear reactor
and rocket fuef® Beryllium dihydride is a favorite metal
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hydride molecule for theoretical explorations because of the
small number of electrons for quantum chemical calcu-
lations!®-15> which can also give useful information on
chemical properties of metal hydride materials, including
solid and polymeric beryllium hydridé$:*°The linear BeH
molecule was first identified in a solid argon matrix at 10 K
in 1993 by this group? and 10 years later the gaseous BeH
molecule was characterized from infrared emission spéttra.
We have found no experimental studies on polymeric BeH
although a theoretical investigation involving chains to
simulate infinite polymers has been reported recéhtly.
Reactions of laser-ablated metal atoms withitHexcess
molecular hydrogen have provided valuable technology for
the study of metal hydrides. Recently, we have prepared
dialane, trialane, and indane and explored the chemistry of
these binary hydrides in solid hydrog€n?° After sublima-
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tion of the hydrogen matrix, solid alane and indane films BeH, (BeH,),
atrix

N\
remained on the cold window. Magnesium atom reactions woog_%m
with pure hydrogen gave MgHand MgH, in solid AM N,\_,_\*____,NL/\MA,_(@

hydrogen, and solid Mgkwas formed upon sublimation of
the hydrogen matrix host. 0064 P _©

0.40

Experimental and Theoretical Methods BeH,

Absorbance

0.04 hydrogen
matrix

Laser-ablated metal atom reactions with hydrogen in excess (Bet,)

molecular hydrogen and neon during condensati@gnkahave been
described in detail previousf:23 The Nd:YAG laser fundamental 0.024 )
(1064 nm, 10-Hz repetition rate with 10-ns pulse width) was focused MJM\M
onto a rotating beryllium target (Johnson Matthey), and the laser —"A-—-——g—— &
energy was varied from 10 to 20 mJ/pulse. FTIR spectra were g —J—lgo—l-—»-l— 0-00-""_«—"‘."""'7‘)\‘“‘.—“’.\(6)
recorded at 0.5 cri resolution on a Nicolet 750 spectrometer with 2200 2150 2100 2050 1550 15001450 1400 1350
0.1 cnt! accuracy using a mercury cadmium telluride type B Wavenumbers (cm)

detector. Matrix samples were annealed at different temperatures,Figure 1. Infrared spectrain the 2262040 and 15861320 cn1* regions

for laser-ablated Be atoms co-deposited with hydrogen at 4 K: (a) Pure

and selected samples were subjected to photolysis by a medlum'hydrogen, (b) aftet > 350 nm irradiation, (c) after 246380 nm irradiation,

pressure mercury arc lamp (Philips, 175 W, globe removed) through and (d) afterk > 220 nm irradiation. (e) Neon with 4%24(f) after 4 >
optical filters. Complementary DFT calculations were performed 350 nm irradiation, (g) aftet > 220 nm irradiation, and (h) after a second

using the Gaussian 98 progréfithe B3LYP density functiona® A > 220 nm irradiation.
and the large 6-3Ht+G(3df,3pd) basis séb.

0.20 4 (BeH,),

Table 1. Infrared Absorptions (crmt) Observed from Reaction of
Beryllium and Dihydrogen in Pure Hydrogen and in Excess Neon

Results and Discussion

H> D, HD H,/Ne D,/Ne identification

Figure 1 illustrates the terminal Beé4 and bridge Be- 2165.3 2168.4 2172.2 BeH
H—Be stretching regions from the infrared spectrum of Be 2096.4,1530.6 BeHD

and H reaction products in excess neon and normal hydrogen 1678.3 1680.7 1681.7  BeD
. . X 2056 1533 2067, 1538 2065 1536 (B

during condensation at 4 K. Strong absorptlons.at 2172.2 30142 15105 2040.3,15334 2020 1510 HBeBeH

and 708.5 cm! are due to the BefHmolecule stretching and ~ 1978.3 1977.7 1983.7 BeH

bending modes in solid neon based on agreement with argon 1481.4  1481.9 14857 BeD
trix (2159.1. 697.9 criY2 and h 2178.9 chi® 1574.8  1232.0 1576.9 12329  (BaH
matrix (2159.1, 697.9 cm)**and gas-phase (2178.9 chjt 1556.0 12195 1558.4 12212  (Bg
fundamental band positions and calculated harmonic fre- 1536.4 1541.1 1186.8 (Bek
quencies [MBPT(2), 2229 and 747 cii? B3LYP, 2263 17227 10982 1ie29 10982 Eggg
and 724 cm'] and anharmor_lic frequencies (CCSD, 2167 713917 10581 13905 10580  (BgH
and 717 cm?).1* New absorptions at 1576.9, 1422.9, 922.9, 1368.4 1039.7 1368.8 1039.8  (BgH
and 584.6 cm* were also observed with 4%l solid neon. igig-i 1024 113?5:-25 1024.3 (éggh'
These bands increased upon ultraviolet irradiatilon, and a 13412 13413 (Beﬂ:
strong new group of red satellite bands appeared in the Be 1334.8. 1334.8 (Bebih
1329.6 1329.4 (Bebhn
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108 4440 (IntHa). 706.3 703.9 708.5 BeH
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Table 2. Comparison of B3LYP-Calculated and Neon Matrix Observed 1.464 R
Frequencies (cnt) for BeH, and HBef-H).BeH ‘324 N

scale

molecule, mode calcd obsd  factor 1469, 442
BeH,, antisym Be-H str, o, 2263 2172 0.960 1325 84.9 o
HBeH bendz, 724 708 0.979 ° @ @’@ ©
BeyHy, terminal Be-H str, by, 2152 2065 0.960 e
bridge Be-H—Be str, by 1598 1577 0.987
bridge Be-H—Be str, h, 1488 1423 0.956
Be—H—Be bend, out-of-plane sb 952 923 0.970
Be—H—Be bend, in-plane, 589 585 0.993

Experiments were done with pure normal hydrogen (
H,) and deuteriumr-D,). In solid hydrogen, strong BeH
bands appeared at 2165.3 and 706.3capon deposition
and increased 5-fold upon broadband photolysis. A weak
band at 1422.7 cnt observed upon deposition increased
markedly upon photolysis while a group of bands formed
just below this band (see Figure 1). Experiments with

Figure 2. Structures for (Beb), polymers forn = 2—6 computed at the

deuterium gl\./e spectra .Wlth S'”_”"ar behavior _and _H/D B3LYP/6-31H-+G(3df,3pd) level. Bond lengths are in angstroms, and bond
frequency ratios appropriate for light metal hydride vibra- angies are in degrees.

tions. Weak BeH and BeD bands were observed at 1978.3
and 1481.4 cm! in normal K and D, respectively. . ) . ]

The infrared identification of Bé, [H—Be(u-H).Be—H] Polymeric (BeH), species are .fo.rmed in both sglld neon
is straightforward based on comparison with calculated @"d hydrogen. Ultraviolet irradiation markedly increased
frequencies and our early experiments in solid argon, which BeH: absorptions, and new bands just below the absorptions
gave a strong diagnostic absorption at 1420 & The of Be;H4 in the Be-H—Be stretching region increased in
stronger 1422.9 cmt and weaker 1576.9 cthbands in solid ~ €Oncert, as shown in Figure 1. The yield of these new bands
neon are located in the bridge stretching region, and deépends on the concentration of Beldpon deposition of
antisymmetric Ba(-H),Be bridge-bond stretching modes laser-ablated Be, weak Bgtdbsorptions and weak B,
parallel and perpendicular to the BBe axis, respectively, ~absorptions were observed. Clearly, not enough BisH
are proposed. The associated-B¢ stretching and out-of- generated upon deposition to form much polymer. However,

plane and in-plane BeH—Be bending modes were observed the Beh absorption increased upon ultraviolet irradiation
at 2065, 922.9, and 584.6 cf In solid normal hydrogen, ~ USing 4 > 350, 246-380, and 220 nm (Flgure; 1), and
the bridge-bond stretching modes appeared at 1422.7 andidditional satellite absorptions (1410330 cnt?) also
1574.8 cmi* and the terminal BeH stretching mode at 2056 increased stepwise. Weak absorptions at 2056, 1556, 867,

cmL. Analogous spectra were observed usingiDneon and 573 cm! also followed suit. Similar behavior was
and solid B, and the H/D frequency ratios are 1.295 and observed in neon matrix experiments, but the overall yield
1.279 for the strong parallel and perpendicular bridge Was Iess than that in pure hydrogen. In 8xperiments,
stretching modes, which evidence considerable anharmonic-deuterium counterpart bands were found for the first four
ity. satellite absorptions as,0s less reactive than Hn these
DFT calculations were performed for Betdnd BeH.. low-temperature experiments.
First, the IR-active stretching mode of Bels predicted at DFT calculatlons. were done to mod.el the structgres of
2263 cnmt with the B3LYP functional, which must be scaled BeH: polymers. With B3LYP calculations, both single-
by 0.960 to fit the neon matrix value. This is typical for Pridged Be-H—Be (cyclic) and double-bridged Beu-H),—
B3LYP frequency calculatior. Calculations at the same B (linear) molecules converged, but double-bridged con-
level performed for BgHs showed Be-H stretching at 2152 formers were lower in energy. The central Be atom with four
cm! and Be-H—Be stretching at 1488 and 1598 chn bonded H atoms in the optimized double-bridged:Hae
which match the neon experimental values with 0.960, 0.956 molecule has a tetrahedral structure with all four equatBe
and 0.987 scale factors. Similar slightly different scale factors Ponds (1.442 A), and the center bridge bonds increased to
have been found for the two bridge stretching modesgf H 1491 A for BaHs. Computed structures for = 2—6 are
Al(u-H),AIH,, namely, 0.949 and 0.981, respectivElfable illustrated in Figure 2. For Bel1o—BesH:e, the second and
2 compares calculated and observed frequencies for HBe-SUccessive bridge bonds are computed in the 144459
(u-H),BeH. The strength of this identification is the match /A range. These structures alternBtg (even) and.q (o0dd)
of five frequencies, and this agreement is as good as that2"d show little change far = 5—8. As the chain becomes
observed recently for seven frequencies ehldu-H),AIH ».17 Ion_ger_, the bridged BeH dlsta_nce stands around 1.45 A,
The appearance of lower-frequency satellite features on bothWhich is comparable to theoretical values for the-Bebond

bridge stretching modes following sample irradiation further !ength in the polymef.We note that this is longer than the
relates these two absorptions. tetrahedral Be-H bond in the crystal (1.38 A9.

The strongest IR-active modes for Bgldolymer are
(27) Bytheway, I.; Wong, M. WChem. Phys. Letfl998 282, 219. computed to be double-bridged Bel—Be stretching modes,
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Table 3. Strongest Infrared Active Frequencies (chhCalculated for
Linear (BeH)n Polymer8

1060, and 580 cnit bands. These broad absorption bands
are due to amorphous solid Bgbhd BeD materials, which

molecule frequencies, cm(infrared intensities, km/mdl) begin to decompose at 17080 K under vacuum. Similar
BeHq, 1A, 2152 (407), 1598 (255),488(593)¢ 952 (243), infrared spectra have been observed for the amorphous solids

2n 589 (157), 319 (229) . . . )
BoHs 1A, 2152 (450) 1622 (198 2), 1522(1429), 881 (92« 2), at rop|;r129temperature synthesized by dialkylberyllium py
Daq 587 (97x 2) rolysis®
pates e géil(l(gg? )1524(1705), 1478 (1042), 890 (198), The spectra in Figure 1 show that- 350 and 246-380
Bg]:,Hlo, 1A; 2150 (482), 1609 (356 2), 1480(3889), 887 (94x 2), nm excitation of Be in solid Kincrease the BEﬂbSOFDtiOH
ng N g?g 0(8(2;8?),1 ‘é%é ((16%% 21)480 (1997160(3652) bands. These wavelengths access®fhatates (455 nm in

esH1z, . , : o in-forbi it

o " ees (186). 588 (161), 499 (226) the gas phgsé}’.Alt.houg_h this is a spin forbidden Fransmon,
BesHus, 1A; 2149 (492), 1608 (545 2), 1453(7074), 888 (92 2), prolonged irradiation with an intense lamp does increase the

2 589 (82x 2), 510 (92x 2) BeH, yield. This energy is more than enough to surpass the
BesHis, 1A 2153 (495), 1608 (845), 1468 (340)142(8545),

computed 49 kcal/mol barri€rfor exothermic reaction 1.

Dan 888 (181), 587 (159), 506 (211)

aCalculation: B3LYP/6-313+G(3df,3dp).? Only the strongest terminal
Be—H, perpendicular BeH—Be, and parallel Be H—Be stretching modes
and Be-H—Be bending modes are listetiStrongest parallel stretching
mode absorptions are in bold.

However, thé'P state observed in absorption for Be in solid
argon (236 nm) and neon (232 nthis fully allowed, and
full arc irradiation ¢ > 220 nm) increases the Belands
even more efficiently. Once formed in the matrix by
photochemical reaction, Betlgan be trapped as the isolated
which are located in the same region as found fosHge molecule or diffuse and associate to form (BHlimer and
The observed polymer values decrease steadily from the(BeH), polymers. There is no evidence for, Higand
dimer values (1577 and 1423 cifor Be—H—Be vibrations vibrations for a possible BeHtomplex like those observed
perpendicular and parallel to the chain axis), but fewer for (Hz),MgH,.?* The lack of H affinity for BeH, matches
polymer bands are observed for the perpendicular than forthat for the beryllium metal surfacg.

the very strong parallel modes. Infrared spectra for the very
strong parallel modes in the 142330 cm'! region (Figure

1) are quite clear: Sequential ultraviolet irradiation increases

the higher-frequency bands first and then the lower-frequency After 240-380 nm irradiation, annealing to 6.8 K reduced
bands in the series with monotonically decreasing intensities.the 2165 cm! BeH, absorption by 23% and increased the
The BBLYP—caIcuIated polymer frequencigs (TabI.e 3), which 1423 cnrt BeH, band by 43%. Clearly, the exothermic
must be pon5|dered approximate, show slightly higher Valuesdimerization reaction 2 proceeds without activation energy.
for the trimer and tetramer before turning down as polymer However, the growth of higher polymer is limited upon
length increases. The tetramer and hexamer have two Veryannealiné but the major growth of (Bel occurs upom
strong parallel bands that should, in principle, be observable, _ 220 nm,irradiation, which produces new excited molecules
. o . : o diffuse and react to form polymers. The average polym-
polymer region, so it is possible that two bands might be erization energy computed by DFT for polymers= 2—8
due to BaHs and to BeHy.. However, fom = 7and 8, one ;33 kcal/mol, which is lower than the 39 kcal/mol value
very strong absorpno_n QOm|nates the.sp.ectrum,. and thesecaIcuIated at higher levels of theory for the one-dimensional
bands decrease steadily in frequency with increasivaue. systen®
We cannot make a definitive assignment of a particular band '
to a particular higher polymer, but our spectra most likely
contain (BeH), polymers up to at least = 8. Hence, the
calculated frequencies support the general assignment of
these 14161330 cn1t infrared bands to (Behk, polymers
in the solid matrix samples. We note that mixed alkyl
beryllium hydride complexes exhibit Be{H).Be bridge
stretching modes in the 1340 ciregion?®

Our (BeH), calculations also predict terminal Bél
stretching and bending modes and bridge-Ble-Be bending
modes immediately below the analogous modes computed
for HBe(u-H).BeH. Weak bands are observed at 2056,-867
864, and 572558 cm! for these modes of (Behh
polymers.

Be+ H,—BeH, (AE= —38kcal/mol}® (1)

BeH, + BeH, — HBe(«-H),BeH
(AE = —29 kcal/molf® (2)

In summary, we have prepared one-dimensional (BeH
polymers (Figure 2) by aggregation of the Begthd HBe(:-
H),BeH molecules in solid neon and hydrogen. New infrared
absorptions show that these polymers contain-Be-Be
bridge bonds of the type thought to be involved in the dotid

(29) Yarger, J. L. University of Wyoming, Laramie, WY. Upublished
results, 2004.

(30) Moore, C. E.Atomic Energy Leels National Bureau of Standards
Circular 467; National Bureau of Standards, U.S. Government Printing
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Upon evaporation of the hydrogen matrix containing BeH (31) Brom, J. W., Jr.; Hewett, W. D., Jr.; Weltner, W., JrChem. Phys.

molecules and (Bep, polymers, broad 1790, 1390, and 810 1975 62, 3122.

cm! absorptions appear on the cold window, and a like (32 57?’4298'; Hannon, J. B.; Plummer, E. \Whem. Phys. Let199Q
treatment of the deuterium sample produces broad 1315'(33) Other DFT calculations (Mire, L. W.; Wheeler, S. D.; Wagenseller,
E.; Marynick, D. Slnorg. Chem1998 37, 3099) report slightly higher
31-35 kcal/mol values.
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