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A matrix isolation IR study of laser-ablated potassium atom reactions withald been performed in solid
molecular hydrogen. The KH molecule and (KHjuster were identified by infrared spectra with isotopic
substitution (HD and B) and by comparison to frequencies calculated using density functional theory. In
para-hydrogen, the sharp KH absorption suggests dihydrogen complex formation with the ionic KH molecule,
which is also characterized by an absorption at 4095'cihhe highly ionic rhombic (KH) molecule is
formed by dimerization and trapped in solid hydrogen. Calculations at the CCSD(T) level of theory show the
increasing ionic character and decreasing stability for the @ui)lecule series from Li to Cs.

Introduction [1064 nm, 10 Hz repetition rate, 10 ns pulse width, about 1
mJ/pulse] was focused onto a potassium metal target (freshly

metal halide counterparts. First, the solid hydrides are unstabIeCUt 10x 10 x 5 mm piece, reagent grade) mounted on a rod

and decompose to the elements, but the halides are very stabl@nOI lro;[gted aé%)rf mrﬁlnfrared spectranyerI(a tr (ég%rdeq at Oﬁi cm
and evaporate stable molecules and oligomers. In fact, theeSolution and .2 Ciir accuracy on a Nicole using a rig

thermal stability of the alkali metal hydrides decreases Li to _Cd—'_l'e range B dete_ctor. Matrix samples were annealed and
Cs such that the temperature for reversible dissociation,to H |rrad|at.ed by a mgdmm-pressure mercury arc !amp (Osram
(10 Torr) decreases from about 5%C for Li to 170 °C for Sylvania, 175 W) \_N'th the globe removed. S_upportlng eIecFronlc
Cs15 Second, the alkali metal hydride and halide dimers are structure calculations were performed using the Gaussian 03
highly ionic, and both have rhombus structutésthird, the program system, the B3LYP density functional or the CCSD-

alkali hydrides become even less stable as the metal size(T) Method, and the 6-311+G(3df,3pd) basis sets.
increases such that the equilibrium yield of KH in the presence
of K and H, in the gas phase is insufficient for experimental Results and Discussion

investigations, and arc discharges have been employed for the . ) )
early emission work and the diode laser infrared spectrum of Infrared spectra will be presented for potassium atom reaction

KH.38 As a result, the dimerization energy decreases with metal Products with pure hydrogen, and infrared spectra for new
siz€ and the heavier alkali hydride dimers will be difficult to  Potassium hydride cluster species will be assigned and substan-
prepare for spectroscopic investigation. tiated through comparison with V|brat|onal_ frequencies calcu-
To overcome the unfavorable thermodynamic situation, we lated by density functlonal theory. Absorptions were observed
have employed the reaction of laser-ablated lithium and sodium for hydrogen species that are common to laser-ablated metal
atoms with pure condensing hydrogen and trapped the LiH and €XPeriments with solid hydrogen, but no potassium oxide
NaH molecules in solid hydrogen. The use of ortho pads- impurities were found in the specﬂﬁ15 In particular, the
hydrogen mixtures suggested that weak bisdihydrogen com-trapped H anion complex absorption was very strong in
plexes (HHYMH with side-bound dihydrogen are trapped, and Potassium expenmgnts: New rles_ults are allso presented for the
differences in the ortho or para spin state of the ligands were H—H stretching region in the lithium experiments.
manifest in the complex vibrational spec¥¥. Subsequent Infrared Spectra. Two laser-ablated potassium deposits in
irradiation of these solid samples promoted thgf land Na* pure condensingiormathydrogen were investigated, and the
reaction with the matrix host and led directly to the formation spectrum of one of these is shown in Figure 1. The initial
of (LiH)2 and (NaH). We report here a parallel investigation spectrum revealed new site-split doublets 4102.7, 40943 cm
with potassium and the first experimental evidence for (KH) and 930.2, 918.6 cm [labeled (H),KH], and a weak broad
band at 628 cm! [labeled (KH)]. Irradiation of the sample
Experimental and Computational Methods with UV light >320 nm sharpened and increased the doublets
slightly, 240-380 nm almost destroyed these peaks, ag&0
nm eliminated them completely while the broad 628 &imand
remained unchanged. Excimer irradiation at 193 nm had no
effect. The weak 848 cm band destroyed on irradiation is not
r{gentified. Annealing in the second experiment produced no
changes in the spectrum. A similar investigation witirmal
deuterium gave only a weak band at 672.0"&mvith no
detectable absorption in the 450 thregion, which has poor
T Part of the “Giacinto Scoles Festschrift”. signal-to-noise because of detector response. The 672:0 cm
* Corresponding author. E-mail: Isa@virginia.edu. band increased substantially 8290 nm irradiation, which is

Alkali metal hydrides are an interesting contrast to their alkali

The experimental approach for reacting laser-ablated alkali
metal atoms with condensing hydrogen has been described in
previous research reports and one review arficlé Potassium
metal is very soft and volatile, and care must be taken to apply
the necessary laser energy and focus to ablate the proper amou
of metal in order to carry out the desired potassium atom and
small molecule chemistry. The Nd:YAG laser fundamental
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Figure 1. Infrared spectra for laser-ablated potassium atom reaction
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products with hydrogen. (a) Spectrum after co-deposition of laser-ablated

potassium atoms and hydrogen gas for 30 min at 4 K, (b) aft820 nm irradiation, (c) after 246380 nm irradiaiton, (d) after

>220 nm irradiation, and (e) after 193 nm irradiation. The 588 chand
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Figure 2. Infrared spectra for potassium atom reaction products with
different quantum state hydrogen matrix samples. (a) Spectrum after
co-deposition of laser-ablated potassium atomsrardhathydrogen
gas for 30 min at 4 K, (b) after320 nm irradiation, (c) spectrum
after co-deposition of K and 99.9¢@ara-hydrogen for 20 min, (d) after
>320 nm irradiation, (e) spectrum after co-deposition of K aadnat
deuterium for 30 min, (f) after 290 nm irradiation, (g) spectrum after
co-deposition of K and 98%rtho-deuterium for 20 min, (h) after 420
nm irradiation, and (i) after290 nm irradiation.

illustrated in Figure 2e and f. A deposit with HD gave a doublet
at 924.1, 919.4 cmt for KH and a weak, broad 656 crh
absorption.

Two experiments with 99.9%ara-hydroged®1” produced
a weak 4095.5 crit absorption and a sharp band at 944.4&m
which also increased o320 nm irradiation (Figure 2).
Potassium studies with 98&#tho-deuterium produced a sharp,
weak 676.0 cm! absorption, which increased 620 nm and
on >290 nm irradiation (Figure 2). A weak associated band
appeared at 2940 crh during the irradiation cycles.

A final investigation with potassium and hydrogen in excess
neon failed to give product absorptions.

Spectra from the HH stretching region for the analogous
lithium atom reactions in solid hydrogen are reported in Figure
3.

Calculations. The B3LYP hybrid density functional and large
Gaussian basis set gave a 2.242 A bond distance and 976'9 cm

is due to solid hydrogen.
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Figure 3. Infrared spectra for lithium atom reaction products with

different para enriched hydrogen matrix samples. (a) Spectrum after
co-deposition of laser-ablated lithium atoms and 99@#@&-hydrogen

for 30 min at 4 K, (b) spectrum after annealing to 6.0 K, (c) after
annealing to 6.5 K. (d) Spectra for Li with 99% para, an¢ @ after
annealing to 6.0, 6.5, 6.7 K. (h) Spectra for Li with 90% para, and
(i—k) after similar annealing cycles. (I) Spectra for Li with 70% para,
and (m-o) spectra after similar annealing cycles. (p) Spectrum after
co-deposition of Li anchormathydrogen for 30 min, (gs) spectra
after >530, 470, and 380 nm irradiations.

harmonic frequency for the KH diatomic molecule. These may
be compared with virtually the same experimental bond length
and the measured 983.6 thharmonic frequency and the
infrared observed 955.9 crhvibrational frequency.Next, the
(KH), dimer was computed and the structure is given in Figure
4 with structures for (KR) and (KCly. Our B3LYP bond
distance may be compared with the 2.473 A valusing the
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TABLE 1: Observed and Calculated Frequencies (cm?) for
(KH) » Isotopic Molecules {Aq in Dz, Symmetry)

(KH)2 (KD), (KHKD)
mode ob% calcharmi obs calcharm mode obs calcharm
(b2y) 775(1007) 555(516) (& 723(443)
(ag) 763(0) 542(0) (& 656 721(667)
() 628 668(1203) n.o. 478(617) b 503(467)
(bsg) 635(0) 455(0) (b 488(95)
(bau) 340(863) 244(442) 295(653)
(ag) 145(0) 145(0) €] 145(0)

aQObserved frequencies from solid,.H Calculated harmonic fre-
guencies at the B3LYP/6-3%1G(3df,3pd) level of theory with
infrared intensities in km/mol.

i \2.894 A
2.465 A /J 2374 A 85.0"
91.8° ‘ 93.6"
/. ; /? i (+0.95)
"/ (+0.88) J/( 0.97) o
(-0.88) (-0.97) (:0.95)

Figure 4. Structures calculated for the rhombic (KH)KF),, and
(KCI); molecules using the B3LYP/6-33HG(3df,3pd) method. Bond
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Binding energies were computed at the MP2 level foside
bound to the metal center, and the binding energies for reaction
2 are 3.8, 3.0, and 2.5 kcal/mol for Li, Na, and K, respectively.
The binding energies for two side-bound dihydrogen molecules
are 6.6, 5.6, and 4.9 kcal/mol.

H, + MH — (H,) MH 2)
2H, + MH — (H,), MH 3

KH. The reaction of laser-ablated K and id pure hydrogen
gave a new 930.2 cnd product absorption, which increased
on near UV but disappeared with shorter wavelength UV
irradiation. The B counterpart in pure deuterium at 672.0¢dm
defines a 1.384 KH/KD frequency ratio, which is slightly lower
than the 1.396 harmonic frequency ratio. Our 930.2"&m
absorption is 25.9 crt (or 2.7%) lower than the gas-phase
955.9 cnT! fundamental frequendyand the assignment to KH
follows. The analogous investigations for LiH and NaH found
frequencies 4.3% and 2.1% lower in solid hydrogen than the
gas-phase fundamental frequencies, respecth@lyve com-
puted the natural chartfeon the K center to be-0.81 for this

lengths in A and bond angles in degrees. Natural atomic charges areionic molecule at the B3LYP level of theory. The KH molecule

given for the cation and anion in each dimer molecule.

r 3
\ 1,765 A Saan 2134 A 02,07 2.482 A
80.6" '/ S S
N /(+0.86) (+0.89) . (+0.92)
(-0.86) (0.89) i)
91.6'~2.731 A %4 522901 A
ﬁ4} ‘ﬁf\}
(-0.94) (-0.95)

Figure 5. Structures calculated for the rhombic alkali hydride (MH)
molecules using the CCSD(T)/6-3t%+G(3df,3pd) method. Bond

lengths in A and bond angles in degrees. Natural atomic charges are

given for the cation and anion in each dimer molecule.

apparently photodissociates to atoms witB20 nm irradiation.

The laser-ablated potassium atom reaction in 99¥&
hydrogen gave a sharper product band at 944 4'cwihich is
only red-shifted 11.5 cmt from the gas-phase band position.
The analogous band was observed at 676.0'¢m98%ortho-
deuterium. The KH/KD ratio in the quantum solids, 1.397, is
similar to the above value in the normal solid molecular
hydrogens.

Our previous work with LiH and NaH ipara-hydrogen and
normathydrogen has characterizeded primary bisdihydrogen
chemical complexes in a physical cage of dihydrogen molecules,
and replacing the para with the ortho isomer in the primary
complex and in the matrix cage leads to a red $HitThat
model also applies to the KH observed in this work. The
additional red shift agpara-hydrogen is replaced bgrtho-
hydrogen in thenormakhydrogen sample is 14.2 crhfor KH,

13.0 cn1?! for NaH, and 24.0 cm! for LiH, which suggests a
comparable interaction with dihydrogen in axfHKH complex
for the heavier alkali hydrides. The 4094.3 chnband is
associated with the 930.2 cthband by common behavior on

MP2 method. The harmonic vibrational frequencies are listed irradiation and similar splittings likely because of local sites in
in Table 1. Note a reversal in the two highest mode symmetries the hydrogen matrix, and we assign it to the-H ligand
from that for the lighter alkali hydride dimers, which meansthat Strétching mode in this complex. Thara-hydrogen counter-

mode mixing will be different for KHKD compared to NaH-
NaD 210

parts were 4095.5 and 944.4 cinwhich shifted to 2940.0 and
676.0 cnt! with ortho-deuterium. The H/D frequency ratios,

Next we employed the CCSD(T) method, which is the 1.393 and 1.397, respectively, are appropriate ferHHand

benchmark calculation for small molecufésind the large basis

K—H vibrational modes. Our MP2 calculation predicts the

as the highest level of theory available to us, and the 2.482 A Stronger of two H-H stretching fundamentals for a modebji

bond distance and 92.0K—H—K angle are only slightly

KH complex to fall 102 cm? lower than B itself, which is

different from the density functional values. Figure 5 compares compared with shifts calculated for other complexes in Table

the structures calculated for the five (MHiolecules, and

2, and our 4094 cmt band is lower than the solid hydrogen

Figure 6 contrasts the two HOMO's containing the four valence fundamental by 56 crmt, which is in qualitative agreement.
electrons at constant electron density using the CCSD(T) Similar agrelement is found for the analogous 4122.7'dmand
method. We also calculated energies for the important reaction (2963.6 cm* deuterium counterpart, H/D ratio 1.3911) observed

(1) in these experiments at the CCSD(T) level and found the for the (Fp).LiH complex? which is predicted by MP2 to be

following energies;—30,—2.0,+1.5,+5.9, and+6.0 kcal/mol,

13 cnT® higher than the present §}4KH complex. The lithium

respectively, for the Li, Na, K, Rb, and Cs reactions. This clearly cOmplex mode is observed to be 28 cihigher, which is
shows the trend of decreasing stability for the heavier alkali @cceptable for these model calculations for weak complexes.

metal hydride dimers.

M, + H, — (MH), (1)

The 14.2 cm? red shift in the K-H fundamental on going
from para to normal solid hydrogen ligands arises from the
stronger interaction asrtho-hydrogen ligand with the polar KH
molecule in the (H),KH complex, than thepara-hydrogen
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TABLE 2: Calculated and Observed Parameters for
(HH),MH Complexes

H—H freq shift bond energy

M—H freq shiff obg obs

n 1 2 3 1 2 3 1 2 3

Li 69 89 111 338 66 95 11 19 33 24 58
Na 44 3.0 5.6 3 8 n.o. 24
K 83 102 25 4.9 2 9 52 26

a Calculated harmonic Hrequency minus strongest calculate¢tH
frequency, cm?! of complex withn ligands MP2/6-313+G(3df,3pd)
theory.? Calculated total binding energy ofH, to MH, kcal/mol.
¢ Calculated harmonic MH frequency minus calculate¢t i¥frequency
of complex.? Shift observed for HH frequency frompara-hydrogen
matrix value, 4152 cmt. ¢ Shift observed for M-H frequency from
gas phase tpara-hydrogen matrix value. All calculated frerquencies
are harmonic.

ligand owing to the quadrupole moment for the ortho nuclear
spin isomer § = 1) that is absent fopara-hydrogen { =
0).210.16,17.20T hjs small 14.2 cm! shift for different dihydrogen
spin state ligands is a small fraction of the total shift (Table 2)
from isolated H to the ligand in the complex with the polar
KH molecule. Recently, this behavior has been clearly dem-
onstrated and discussed for gFO

The (H)nKH complex is presumed to contain dihydrogen

J. Phys. Chem. A, Vol. 111, No. 49, 2001”2263

The KH product is formed here using the same mechanism
proposed in the gas-phase electrical discharge Wodmely,
the reaction of excited K atoms, reaction 2. Here the K atom
reagent is electronically and/or thermally excited in the laser-
ablation process. It also appears that near UV irradiation of the
cold sample initiates this reaction. In addition, we observe
perturbed H-H absorptions for trapped H atoms and hydride
anion-solid hydrogen complexes, and the hydride anion complex
absorption is particularly strong with potassidd#

K* +H,—KH+H (4)

Analysis of the Hydrogen Region for Li and Na in Solid
Hydrogen. The simple spectrum for K in theHegion (Figure
1) prompted further attempt to analyze the spectrum recorded
for lithium.® The Li—H stretching region revealed three bands
for complexes with different numbers of para and ortho ligands,
and this suggested two equivalent dihydrogen ligands in the
(H2)2LiH complex. In addition to the known absorptions of
hydrogen and the sharp features at 4151.8%c(im p-H,) and
4143.4 cm! (in n-Hy) assigned to H(pn species? we
observed a sharp new band at 4137.2 E(figure 3a forp-H,)
and a broader feature at 4122.4¢n(Figure 3p fom-H,). These

ligands side-bonded to the metal cation center, based on oumew bands track with the LiH stretching fundamental and can
computations for the analogous lithium species. Evidence hasbe assigned to the ghtLiH complex. The (B).LiD counterparts

been presented for a bisdihydrogen lithium hydride complex
and the computed structure illustrafgoiit we cannot determine
definitively the number of ligands in the present KH complex
by experiment or computation. Previous work involving dihy-

are found at 2967.7 and 2963.6 chin ortho-deuterium and
normatdeuterium, and the H/D frequency ratios are 1.3941
(para) and 1.3911 (normal). The absorptionpama-hydrogen
and ortho-deuterium are shifted less owing to the weaker

drogen complexes with alkali halides in argon and neon matricesinteraction for the] = 0 molecules as ligands. Notice how the
has concluded that the dihydrogen frequency shift is greater absorption intensities change for the sets of spectra using 99,

for interaction with the anion than the cation cerffe?* Our
calculations found that $s bound more strongly to the Li than
the H center in the polar LiH molecufdn the case of KF and

90, and 70%para-hydrogen mixtures. The 99% para spectra
revealed broader 4138.1 and 4123.1 ¢imands of almost equal
intensity on sample deposition (Figure 3d), but annealing (Figure

H. in solid neon at 6-8 K, the most dilute sample gave a 4015 3e—g) decreased the upper band in favor of the lower band.
cm~! band, which was assigned to KR{iH and additional The 90% para spectra revealed the same bands, but the upper
broader features appeared in the 468Q00 cnt! region with band was much weaker and it decreased on annealing (Figure
higher H concentrationd? This conclusion suggests that the 3h—k). This trend continued in spectra from a 70% para sample
higher frequency bands are due tg kfjands coordinated at  (Figure 30). Again we observe the replacement of the more
the cation center, which is consistent with our observation of a weakly interacting para isomer by the more strongly interacting
4094.3 cm* band innormathydrogen and a 4095.5 crhband ortho isomer on changing para concentration and on annealing
in para-hydrogen for the (R),KH complex. to allow exchange obrtho- for para-hydrogen in the sample.

O..
o
0..
"

(LiH),

(NaH),

Figure 6. Two highest occupied molecular orbitals containing four valence electrons calculated for the alkali hydrideséviey using the
CCSD(T) method. All plots are 0.05 efaiso electron density level. The top is the highest energy MO.

(KH), (RbH), (CsH),



12264 J. Phys. Chem. A, Vol. 111, No. 49, 2007

The sharp, weak 4099.0 crhband in then-H, sample tracks
with the (LiH), absorptions on annealing and irradiation, and it

Wang and Andrews

yield, in contrast to the Li and Na cases. Reaction 5 is
exothermic 32 kcal/mol, B3LYP) but less so than the NaH

can be assigned to a dihydrogen ligand attached to the metal—33 kcal/mol) and LiH 45 kcal/mol) dimerization reac-

center in the (LiH) molecule. Thepara-hydrogen counterpart

is observed at 4106.4 crh Deuterium counterparts were found
at 2946.4 and 2948.5 cth respectively, imormal-andortho-
deuterium, which define 1.3912 and 1.3927 H/D ratios. Other
absorptions in the 39684100 cnt?! region are decreased or
destroyed on irradiation, and these are believed to be due to H
ligands on Lj, species that have no other infrared absorptions
and cannot be readily identified. The analogous band for (\aH)
is observed at 4124.6 crh which appears on irradiation with
the other fundamental$.

The Na experiment witmormathydrogen gave additional
sharp, weak 4130.2 and 4120.2 dmbands, which were
destroyed on>320 nm irradiation as a new 4124.6 Th
absorption appeared along with (NaH)ands in the low-
frequency region? Because the NaH absorption was constant

tions210 We explored all UV excitation available to us, and
surely we did excite Kinto the analogous B stafehut even

so (KH), is less stable than (Nakl)as shown by the above
energy changes for reaction 1, which is less favorable for
potassium. In addition, we probably had a much lower concen-
tration of Ky in our experiments.

KH + KH — (KH), (5)

Ko* + Hy# (KH), (6)
Bonding. The highly ionic rhombic (KH) molecule is like

the isostructural (LiH) and (NaH)} molecules, first observed

in solid hydrogen where unfavorable thermodynamics can be

overcome-5910|n addition (KH), is like the more stable and

during this procedure, the new band is associated with the thus better-known potassium halide dimer structu¢esgure

(NaH), molecule, and the 4130.2, 4120.2 chibands with the
(Nap)(H2)n complex, which has no other IR absorption. NeH
stretching mode was observed for the)dNlaH complex, and
our calculation finds it to be shifted less and likely not resolved
from the solid hydrogen absorption.

Electronic structure calculations for the (HM)H complexes
are qualitatively in accord with this picture. The -tH
fundamental is shifted more than NaH and KH by the dihy-
drogen complex, and the +H fundamental in (HHKH is
shifted more than the others. The MP2 level of theory is the

3). Note that the natural charg@sn the metal centers are
+0.88,+0.97, andt-0.95 for the (KH), (KF),, and (KCl) series
calculated using the B3LYP hybrid density functional. The
natural charges increase froh9.86 to+0.89 to+0.92 to+0.94

to +0.95 in the (LiH) to (NaH), to (KH), to (RbH), to (CsH)
series of highly ionic alkali hydride dimers based on calculations
at the more rigorous CCSD(T) level of theory (Figure 5).
Furthermore, the HOMQ's containing the four valence electrons
at constant electron density for each dimer (Figure 6) show the
expected increase in ionic character on going down the alkali

highest that we can employ for these complexes (Table 2), butmetal family.

it overestimates the HH ligand frequency shifts and under-
estimates the MH frequency shifts. The binding energy of H

decreases as the alkali hydride becomes larger, as expected. We

Conclusions

' Laser-ablated potassium atoms reacted with hydrogen gas

of course, can only calculate the primary dihydrogen complexes q,ring condensationt@ K to form the KH diatomic molecule.

without the effect of the dihydrogen matrix cage, which most
likely contains an additional 12 weakly interacting molecules,
and such a correction would be in the direction of improving

the agreement between calculated and observed frequencies.

(KH) 2. The stongest infrared active fundamental for (KH)
the antisymmetric { mode, is predicted at 668 cry and this
mode is even stronger intensity-wise than the (LigHd (NaH)

This molecule is trapped as a dihydrogen compleX{kH in
solid hydrogen where the para and ortho spin states affect the
H, and the KH absorption positions. Ortho and para dependence
is also found for the (p).LiH complex.

The highly ionic potassium hydride dimer (KiH}$ produced
by dimerization and detected though the strongest infrared
absorption at 628 cnt in solid normathydrogen. The (MH)

counterparts as the computed natural charge on the metal centefolecules are highly ionic, and calculations at the CCSD(T)

increases from-0.84 to+0.85 to+0.88 at the B3LYP level in
the Li, Na, K series. The weak broad 628 Thabsorption is
assigned to this very strong mode for (KH)ased on the
calculated frequency and scale factor 628/668.94 agreement
with the 0.93 and 0.93 scales factors for the corresponding Li
and Na specie3!® Although the (KD} absorption was not
observed because of lower yield (also the case for Li anda),
the much stronger KHKD bands calculated at 722 and 723-cm
are in accord with the weak, broad 656 thabsorption (scale
factor 0.91). The yield of (KH)in these experiments is much
lower than what we found for the more favorable reactions with
Li and Na, but this is dictated by the alkali metal chemistry,
and we are fortunate to be able to detect (Kid) all. The
antisymmetric B, mode predicted at the B3LYP level at 775
cmt with 84% of the infrared intensity of thejpmode is,
unfortunately, not observed, with the low product yield. The
calculation overestimates the intensity of thg tmode for this
ionic molecule or the matrix diminishes its relative intensity.

level of theory give the trend of natural charges on the metal
centers increasing frorr0.86 for (LiH), to +0.95 for (CsH).

The HOMO's containing the four valence electrons for the alkali
metal hydride series also show this expected increase in ionic
character.
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