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Vibrational spectra of Bl and its isotopic analogues in a crystalline environment of alkali metals cations
(K*, Rb*, Csf) have been investigated beyond the harmonic approximation using a variational approach
supported by computations of B3LYP type anharmonic force fields. From the comparison of the observed
and simulated IR spectra, the influence of the anharmonic couplings on the band position and on the relative
intensity of the allowed vibrational transitions is discussed. Here, the effect of the crystalline environment
induces a blue shift of about 50 and 100 dmespectively for the bending and stretching modes of, BH
Furthermore, anharmonic effects, which are exclusively well reproduced by a variational approach, are needed
to yield reliable positions and relative amplitudes of IR allowed combination and overtone transitions. This
leads to theoretical results fitting their experimental counterpart between 6 and-30ncthe investigated

series.

Introduction spectrd: Strong anharmonic couplings were observed for this
molecule. Thus, a study beyond the harmonic approximation
appears to be necessary to render, at least qualitatively, a correct
description of the band shifts induced by Fermi resonances and
of their relative intensity. Unlike the second-order perturbation
%heory approach (hereafter PT2), which fails in the case of too
. . . strong anharmonic couplings, the variational treatment is exact
lﬁlsofeig;rlnggsggp tr}rgu69h t%%lHe o NaH + Al, with a while considering all the excitations of the vibrational levels of
capacity of 5.6 Wt %o. . ... interest, for a given Hamiltonian. On the basis of our experience
Borohydrides can potentially provide even higher capacities, (gee ref 8 and therein), configurations interaction (hereafter Cl)

but the simple ternary borohydrides such as NaBfipear to ¢ ingje double, triple, and quadruple excitations yields a good
be rather stable with decomposition temperatures aboveB00  ogtimation of the nature and the weight of vibrational configura-

\(ery recently, a compound stemming from the reaction. of tions mixed in each vibrational state. This is the treatment
LiBH4 and LiNH; was shown to present hydrogen desorption ...<idered here

exceed 10 wt 9%8.

These prom_ising results stir_nulate more fu_ndamenta_l reseafChComputational Details
on the properties of borohydrides and aluminum hydrides. The
crystal structures of alkali metal borohydrides have been studied Anharmonic quartic force field of'BH,~ and its isotopes
using X-ray and neutron diffractichmore recently the structural ~ (*°BHa™, *BD4~, 'BD,") was determined with Gaussian 03
transitions of NaBH under pressure have been investigdted. Ppackagé by finite difference of &l-11 analytic Hessians\(
In conjunction with these crystallographic studies, vibrational being the number of atoms) around the optimized geometry.
spectra have also been obtained. Systematic frequency shiftdiere we recalf that the best compromise between different
with the nature of the alkali (and/or the size of the unit cell) €rror sources is obtained using a step size of 0.010 A in the
are observed$ The inelastic neutron scattering spectra of numerical differentiation of harmonic frequencies, tight geom-
NaBH, and KBH, have been studied in conjunction with €try optimizations and fine grids (at least 99 radial and 590
periodic DFT calculationswhich provide good predictions of ~ angular points) for the numerical integration of the functional.

Ternary hydrides are the subject of intensive investigations
in the field of on-board storage of hydrogen for fuel cell
applications for automotive uddOf special interest are hydrides
which release hydrogen at practical temperatures and pressure
For instance, Ti-doped NaAl-tan undergo a two-step revers-

the low-frequency internal vibrations of the BHion in these According to vibrational studies investigating semirigid
crystals. organic molecular systeris'?the B3LYP/6-31G(d,p) model

In this work, we investigate the vibrational spectraH, was chosen to compute anharmonic force constants in reason
and its isotopic analogued!BD,, 1°BH,~, and1°BD,") in a for its ability to fit accurate quantum mechanical methods such

crystalline environment using anharmonic DFT calculations. @ CCSD(T)¥cc-pVTZ' model.

These theoretical results are compared with experimental IR Although the use of CCSD(T) level of theory is generally
recommended to drive harmonic computations, the harmonic

* Corresponding author.Telephone: 33(0)5-59-40-78-58. Fax: 33(0)5- Study of the naked anion reported in Table 1 reveals that B3LYP/

59}40-28-62._ E-énag:h_phili%:carbonn:]ere@ugir:{-pau.frdm | 6-31+G(d,p)° is able to match its CCSD(T)/aug-ccpVTZ
Laboratoire de Chimie ique et Physico-Chimie Motellaire, UMR i
5624, Feleration de Recherche IPREM 2606, UniversiePau et des Pays counterpgrt by less than 15 (.jm As a matter of fact, harmon.lc
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TABLE 1: Comparison between CCSD(T)/aug-ccpVTZ Harmonic Frequencies of B~ Species and Their B3LYP/6-3%+G(d,p)
Counterpart

CCSD(T)/aug-ccpVTZ B3LYP/6-3tG(d,p)

mode sym 18 Ha™ 1OBH4_ 18 D4~ 108 D4 1B Ha 108 H4~ 1B D4~ 108 D4~
w1 Aq 2266 2266 1603 1603 2280 2280 1612 1612
[o)) E 1203 1203 851 851 1194 1194 845 845
w3 F> 2253 2263 1670 1686 2247 2257 1666 1681
[N F, 1085 1095 825 834 1080 1089 821 830

TABLE 2: Harmonic ( w) and Anharmonic (v) Frequencies of BH~ Species Computed at the B3LYP/6-3tG(d,p) Level of
Theory (in cm~1): Comparison with Experimental Values

UBH,~ 10BH,~ UBD, 10BD4~
mode sym I0) v exp 1)) v exp 1) v exp ) v exp’
1 Al 2280 2203 2312 2280 2208 1612 1537 1592 1612 1540 1597
2287 1578
2 1194 1159 1248 1194 1159 845 827 892 845 827
1220 871
3 F 2247 2137 2288 2257 2147 1666 1575 1672 1681 1589 1688
2255 1648
4 F 1080 1046 1119 1089 1055  112@ 821 803 852 830 812 861°
1103 111 839 850
aexp = taken from ref 4° Raman frequencies of KBHat room temperaturé.Raman frequencies of CsBHt room temperature.
TABLE 3: Optimized Geometry (in A) Calculated at the B3LYP/(6-31+G(d,p)/LANL2DZ) Level of Theory for MBD 4
Compoundg
KBD4 RbBD, CsBDy
our work exp our work exp our work exp
Dwp 2.864 2.79%1ys 3.065 2.922 1242 3.295 3.106 1242
2.77Qurya
2.837HTy24" 2.98QuTy 242 3.16XH1y24?
Dso 1.225 1.2057y4 1.226 1.22% 14 1.228 1.21574
1.196H1y4 1.206Hy4 1.21 %y

aD site occupancy/,. All crystallized structures are cfEm3m) expect for KBD, at 10 K (tetragonalP42/hmg. ® Comparison with experimental
data at 1.5 K (LT) and 295 K (HT).

the 6-3H-G(d,p) for the anion and LANL2D® for the
surrounding.

and reliable vibrational treatment are a pre requisite, since as
illustrated by the well-known second-order perturbation formula

The vibrational Schirdinger equation was solved by varia- (PT2):
tional procedure considering the rotational contribution to . w oA °f
anharmonicity’ in the Watson Hamiltonia# The correspond- Eyi = WOHW O o—5———
ing IC matrix going up to hexaexcitations of fundamental E"—F

configuration, was then diagonalized in a basis set of harmonic
oscillators product.

Harmonic IR intensities have also been computed at this level W
of theory despite the weakness of the basis set used. Further-
more, anharmonic intensities have been estimated by considering
the sum of harmonic intensities related to the configurations
describing each vibrational state under investigation weighted

Eq,i: energy of the vibrational state

., configuration a: zero-order eigenfunction,
solution of harmonic vibrational treatment

E,: zero-order energy

by their contributions. IR spectrum of each compound is then
built by considerig a 5 cnT! wide Lorentzian distribution of
rovibrational states, centered on the calculated transitions.

Fermi resonance occurs between two configuratiosusd j
for E° ~ EQ which leads to a failure of vibrational treatment
by current PT2 approach.

A. Vibrational Transition of the Naked Anion. As a first
step of the investigation, B3LYP/6-315(d,p) harmonic and
anharmonic results of the naked BHanion, and its isotopes
are reported in Table 2 and compared to experimental values

The presence of strong coupling between adjacent internalobtained by Raman spectra of KBHind CsBH at room
mode energy levels is an important feature of the spectra of temperature (cfc structure). The picture clearly shows that
borohydrides. An anharmonic study is then essential to correctly anharmonic results are far by about 100 @énbelow the
represent the position of transitions and above all, the relative experimental values for most of frequencies so that harmonic
intensity of overtones and combination bands arising by frequencies are artificially closer to experimental observations.
resonances. Thus, fair determination of anharmonic force As mentioned above, the accuracy of the DFT model seems
constants, accurate description of zero-order vibrational problemnot involved since a such model leads to results typically fitting

Results and Discussion
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TABLE 5: Harmonic Frequencies for KBH 4, RbBH,, CsBH,, and their Isotopic species (in cmt)2

1760

2400 (x)fr(x)a\ O+

@4

2350

W3

1710

2@4\

2300 20,

2250

1660 -

K Rb

B ——

K Rb Cs

i sym KBH, RbBH, CsBH, BHs~ KBD4 RbBD, CsBDy BDs~
[on F. 1141 1135 1131 1080 863 859 857 821
N F2 1150 1144 1141 1089 872 868 867 830
w2 E 1257 1252 1245 1194 889 885 882 845
0w, E 1257 1252 1245 1194 889 885 882 845
w3 F. 2348 2347 2348 2247 1741 1740 1742 1666
g F2 2359 2358 2362 2257 1757 1756 1760 1681
w1 A 2356 2354 2351 2280 1667 1666 1661 1612
0, A 2356 2354 2351 2280 1667 1666 1661 1612

a Comparison to naked compounds.

Furthermore, the gap increases from KRB CsBH, while the w1 andws from K to Cs while the &4 withdraws for hydride
cation becomes less electronegative. Note also that, unlikecompounds. This is in agreement with the corresponding
experimental observations,# distances are poorly affected experimental IR spectra (see Figure 1.) where the relative
by the nature of the alkali metal. These show the limit of the intensity of the 24 (F,) with regard tovs decreases while the
model. vq + v, grow from a more markeds character along the series.
Harmonic frequency calculations of all the structures are The same picture is observed in Raman spectra by comparing
reported in Table 5 and compared to the results obtained forthe 24 (A1) with respect to the;. Harmonic frequencies of
the corresponding anions. Here, matrix effects in salts of BH deuterides species yield the same progression of ditse
can be estimated to 5000 cnt! respectively for bending and  expected thatv; is too low in energy comparatively tou.
stretching mode: an order of magnitude comparable to anhar-This suggests a very weak interaction between this two modes
monicity effects, much more important than in solution where and then probably no evidence of the,2A;) transition in the
a shift of 5-30 cnt? is typically observed. Note that the corresponding Raman specfra.
stretching modes value is quite constant in the alkali series Although qualitative interpretation of alkali hydrides and
investigated while bending modes frequency decrease by aboutdeuterides spectra is proposed on this basis of a harmonic study,
10 cnt! from K to Cs. Thereby, theys + w, draw nearer to a poorly rendered position, both absolute and relative, of the

L L L L L
1600 1650 1700 1750

Figure 1.

2100 2200 2300 2400 2500
KBH, KBD,
RbBH, M RbBD,
CsBH, CsBD,
2100 2200 2300 2400 2500 1600 1650 1700 1750 1800

Experimental and theoretical IR spectra of MBf = K, Rb, Cs).



TABLE 6: Calculated Fundamental Transitions for KBH 4, RbBH,4, CsBH,, and Their Isotopic Species (in cm?)

KBH4 KBD4 RbBH, RbBD, CsBH, CsBDy
our work our work our work our work our work our work
Vi sym exp exp exp exp exp exp
Va F, 1106 97%wa 1112 845 97%v4 848 1100 97%w. 11060 841 98%w4 843 1097 97%v, 1094 839 98%w4 836
1119 852 1112
2% 1/1+’V4 2% ‘V1+’V4 2% V1+’V4 2% ’V1+‘V4 847b 2% ’V1+’V4 :l.:|.03J 2% ’V1+V4 839’
0y, F. 1114 97%ws 854 97%v4 860* 1109 97%w. 112% 850 98%w4 859 1107 97%v, 111 848 98%w4 849
112¢ 861 1120
2% 1/1+V4 2% V1+'V4 2% V1+’V4 2% ’V1+V4 2% V1+'V4 ].:I.:I.]EJ 2% 1/1+V4 850’
V2 E 1221 96%v, 872 97%v, 1216  96%wv, 868 97%v, 1210 96%w, 863 97%v,
1246 892 1234
3% vi+v, 2% vi+vs 3% vi+vs 2% vi+vs 883 3% v1+v, 1220 2% v1+v, 871
0y, E 1221 96%v, 872 97%v> 1216  96%w; 868 97%w, 1210 96%w; 863 97%w,
1248 892 1234
3% V1+V2 2% 1/1+'V2 3% V1+V2 2% V1+V2 883] 3% V;H‘Vz 1220’ 2% ’!/1+1/2
V3 F, 2253  44%w; 227¢ 1658 62%ws 1668 2246 47%vs 2260 1652 57%ws 1659 2241 51%ws 2244 1654 52%w; 165G
2288 1672 2273
41% 24 25% 24 34% 24 30% 24 1662 23% 24 225% 35% 24 1648
10%V2+V4 6% 1/2+V4 12%V2+V4 7% 'V2+V4 12%V2+V4 7% ‘V2+V4
0p4 F> 2265 43%ws 1669 64%w; 1693 2258 47%ws 1667 60%w; 1682 2254  48%s 1665 57%ws 1669
1688
40% 24 23% 24 34% 24 26% 24 1678 30% 24 31% 24
8% 1/2+’V4 8% ‘V2+’V4 12%V2+V4 9% ’V2+‘V4 14%V2+V4 10% V2+‘V4
21 A1 2296  60%w 1600 75%w, 2292 63%, 1597  73%w, 2284  63%, 1592  74%w,
2312 1592 2300
27% 24 16% 2, 24% 24 18% 2, 15868 24% 24 2287 17% 24 1578
6% 21 5% 2, 7% 2v1 5% 2v; 7% 2v1 5% 2v;
0y, A; 2303 54%; 1603  78%w, 2298 58%w, 1600 77%w, 2292  58%, 1595 77%w,
1597
33% 24 14% 24 30% 24 13% 2, 30% 24 13% 24
6% 2v1 6% 21 6% 21 6% 2v1 6% 21 6% 2v1

aComparison to observed IR transitions. Only the most relevant configurations describing each state have been reported for sake @bicipgtison to observed Raman transitions. Only the mo

relevant configurations describing each state have been reported for sake of clarity.
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TABLE 7: Calculated Combination Bands and Overtones for KBH;, RbBH,4, CsBH, and Their Isotopic Species (in cm?):

KBH4 KBD4 RbBH, RbBD, CsBH, CsBDy
our work our work our work our work our work our work
Vi sym exp exp exp exp exp exp
2v4 A1 2174 69% 2. 1706 82% 24 2165 72% 24 1699 80% 24 2157 73% 24 1695 80% 24
2182 1710 2166 1700 2149 168%
25%v1 14%v, 22%v1 15%v1 22%v1 15%v1
2% 21 1% 2, 2% 21 1% 2v1 2% 2v1 1% 2v1
210y, A1 2185 63%v, - 1721 84%w, - 2177  67%w, - 1715 84%w, - 2171 67% 24 - 1710 83%wa -
- 1726 217% 171% 2157 -
30%v, 10%v, 27%v1 11%v1 28%v1 11%v1
3% 2, 3% 2, 3% 2,
2v, E 2213 97% 24 - 1690 98% 24 - 2201 97% 24 - 1682 98% 24 - 2193 97% 24 - 1678 98% 24 -
2% ’V1+2V4 2% ’V1+2V4 1% 1/1+2V4 2% 1/1+2V4
210y, E 2230 97% 24 - 1708 98% 24 - 2219 97% 2,4 - 1701 98% 24 - 2213 97% 24 - 1697 98% 24 -
1% ’V1+2’V4 1% ’V1+2’V4 1% ’V1+2’V4
2v, F, 2182 55% 24 2208 1699 65% 24 1713 2174 61% 24 21960 1692 59% 24 - 2170 67% 24 2179 1688 58% 24 1689
2217 - 2202 1703 2183 -
37%v3 13%vs 31%wvs 15%v3 28%v3 12%v3
3% 1/1+V3 19% V2+’V4 3% 1/1+V3 19% V2+’V4 2% 1/1+V3 28% V2+’V4
210y, F, 2198 51% 24 223 1714 60% 24 1733 2194 60% 24 222% 1707 53% 24 1722 2193 65% 24 2197 1703 53% 24 1704
223P - 2217 - 2194 -
40%1/3 7% V3 32% V3 8% V3 27% V3 8% V3
3% ’V;|_+V3 31% V2+V4 2% 1/1+V3 40% V2+’V4 2% ’V;|_+V3 41% V2+’V4
Votvy F, 2343  86%w,tv, 2376 1728 73%vtvs 1748 2332  84%w,tvse 235% 1721  65%w,tvs 1736 2321 82%vtvs 2332 1716 62%wtvs 1719
2384 1748 2362 1732 234 1716
9% V3 21% V3 11% V3 22% V3 13% V3 25% V3
4% v, 8% v, 6% v,
Vyotvy  Fp 2351 84%wtvs - 1739 66%w,t+vs 176F 2340 83%wtvs - 1732  55%w,t+vs 175G 2331 81%w,tva 1726 55%w,t+vs 175G
9% V3 22% V3 11% V3 27% V3 13% V3 18% V3
10% 2, 15% 2v4 15% 2v4
2v; A 2439 96% 2, - 1740 96% 2» - 2429  96% 2, - 1734 98% 2, - 2420 96% 2, - 1726  97% 2 -
E 2447 2508 1744 1774 2437 248F 1738 1753 2423 2450 1728 1732
3% v, +2v, 2% v1+2v, 3% v, +2v, 2% v1+2v, 2% v1+2v; 2% v1+2v,
210, A1 2439 96% 2» 1740 96% 2» 2430 96% 2» 1733  98% 2» 2420 96% 2» 1727  97% 2» -
E 2448 2505 1744 1774 2436 248% 1737 1758 2423 2450 1731 1732
3% V1+21/2 2% V1+21/2 3% V1+21/2 2% V1+21/2 2% V1+21/2 2% V1+21/2
absolute mean shift 30 15 22 12 13 6
relative mean shift 98.4 98.9 98.9 99.1 99.4 99.6

aComparison to observed IR transitions. Only the most relevant configurations describing each state have been reported for saké Gboigatyson to observed Raman transitions. Only the m

relevant configurations describing each state have been reported for sake of elaiigolute/relative mean shift in cripercent; based on Raman data.
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fundamental transitions force us to lead further investigations observed transitions of alkali borohydrides are closer to the
beyond the harmonic approximation. As exampde,and w3 harmonic values of the corresponding naked anion, which is
are too close in energy and their correct progression with respectpurely fortuitous.

to the nature of the alkali metal can be only explained by a fair
estimation of Fermi resonances. In this connection, it has been
shown in a recent study on solvent effect in vibrational
transitiond® that discrepancies between anharmonic force
constants determined in gas phase and in implicit solvent lead
to minor modifications of the final values. On the basis of this
assumption, the quartic force fields of MBldompounds were

It is nevertheless clear that a correct determination of line
widths and overlaps requires a rovibrational analysis, namely
to attempt to model the temperature dependence on this
parameter as observed in Raman spectra of alkali borohydrides
species. A reliable determination of Raman intensities at the
harmonic level is then essential (all fundamental transitions and

built by superposition of the harmonic part of the surrounded combination bands arising from them are allowed) and requires

species and the anharmonic part of the naked anions. Result& More extended basis set for polarizability computations. Work

of vibrational treatment by the IC approach are reported in SN Progressin our laboratories along this and related directions.

Tables 6 and 7 and show a clear improvement of the theoretical
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