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Inelastic Neutron Scattering Spectrum of Cg[B12H12): Reproduction of Its Solid-State
Vibrational Spectrum by Periodic DFT
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The inelastic neutron scattering (INS) spectrum of polycrystallingBzsH1,] is assigned through 1200 crh

on the basis of agueous and solid-state Raman/IR measurements and normal mode analyses from solid-state
density functional theory. The Cgations are responsible for frequency shifts of the internal cage vibrational
modes andyl cage mode splittings due to the crystal dite symmetry. These changes to theHB;]?"

molecular modes make isolated-molecule calculations inadequate for use in complete assignments. Solid-
state calculations reveal that 30/40 @nshifts of Ty/Hy molecular modes are responsible for structure in the

INS spectrum unobserved by optical methods or in aqueous solutions.

Introduction This study utilizes optical (solution and solid-state) and
The I, symmetry closoborane [B.H:72~ is a molecular  theoretical (molecular and solid-state) methods to assign the INS

cluster exhibiting aromatic three-dimensional electron delocal- SPectrum of CgB1oH2] to 1200 cni™. The crystal cell differs
ization and remarkable chemical stabifityfthe I, symmetry ~ from the isolated dianion by the presence of both cage-deform-
predicted in theoretical studies and evident from spectroscopic N Packing interactions and counterions that affect the molecular
studies is lost in the Tsite symmetry of thelose[B12H122/ normal modes through ionic |nteract|on§. These same two crystal
group | salts, where Tcage deformation is observed in the features were considered separately in studies ofithgdro-
crystal structures of MB1.Hiz (M = K, Rb, or Cs; all cells carbon dodecahedra_ngl (> Th site symmetry reduction and
Fm3, Z = 4). In these crystal structures, the average skeletal degenerate mode splittingsind the Na and K* salts of [BH]~

B—B bond length differences with the softest (C#\g g = (40—80 cnt?! shifts of molecular modes due to ionic interac-

0.001 Ay and hardest (K, Ag—g = 0.005 A cations are both tions’). From the INS spectrum assignment and correlation of
small and similar, while this bond length difference in the observed optical and neutron peaks, these two features of the

reported crystal structure of the Risalt is unexpectedly large ~ Crystal cell and the importance of the environment in instigating
(and worth re-examination) at 0.134%A. [B12H12]? vibrational changes can be considered in detail.

In a previous survey articlejt was shown that the inelastic
neutron scattering (INS) spectrum of 4B -H12], while oth- Methods
erwise in agreement with predictions based on the vibrations The INS experiment was carried out using the TOSCA
computed for an isolated dianion, differed considerably in the jnstrument at the ISIS facility of the Rutherford Appleton
900-1100 cnT?region. All isolated dianion calculations yielded Laboratory, using approximatell g of polycrystalline Cs
three features in this region of the spectrum where the INS [B12H12] held at 15 K. Details of the TOSCA spectrometer can
experiment showed four. The INS spectrum could only be he found elsewhereThe room-temperature crystallographic
reproduced by the 5070 cnT! movements of calculated peaks data for Cs[B1:H14] are as follows: space groupm3 (face-
from among a closely spaced set of four dianion modes with centered cubic, “fcc”)a = 11.281 A,Z = 45 The INS spectrum
different symmetry. While the intensities computed for the INS measured at ISIS is available for download from the Database
transitions showed that rearrangements of the positions of peaksf Inelastic Neutron Scattering Spectra.
could result in a spectrum that agreed with experiment,  Density functional theory (DFT) calculations were performed
molecular calculations could not be used to identify which ysing Gaussian 33 and DMoB.1* Gaussian 03 was used for
modes required shifting or, in the $ite symmetry of the crystal  the geometry optimization and normal mode analysis of the
cell, both splitting and shifting. This large discrepancy between jsolated [B.H15]2~ cage using the 6-38G(d,p) Gaussian basis
theory and experiment is rare in other cases except where strongset!2 the B3LYP hybrid density functiona the program option
intermolecular interactions due to hydrogen bonding occur. As “tight” convergence criteria, and an ultrafine grid size (corre-
the vibrations observed in IR and Raman spectra for the dianionsponding to a grid of 99 radial shells and 590 angular points
in solution are in reasonable agreement with the results of per shell), herein termed B3LYP. DMbkalculations were
calculations for the isolated cage, a theoretical treatment of the performed on the SGI Origin Array at the National Center for
Cs[B12H1] crystal cell is expected to elucidate the origin of Supercomputing Applications (NCSA). DModloes not allow
the structure in the INS spectrum, be that structure due to simplefor the optimization of lattice constants and uses average atomic

shifts of I, vibrations or large splittings due to the, Bite masses as calculated from isotopic abundances. For both the
symmetry of the crystal cell. isolated molecule and primitive cek & 0, Z = 1), the BOP

* To whom correspondence should be addressed. Telephone: (315) 443-9eneralized-gradient approximation density functishehd dnp
5805. Fax: (315) 443-4070. E-mail: bshudson@syr.edu. numerical basis s&twere used with the program option “fine”
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Figure 1. Primitive cell (left,a = 7.977 A,a = 60°) andFm3 fcc unit cell (right,a = 11.281 A,a = 90°) of Cs[B12H14] (blue for Cs, green for

B, and white for H) in mixed van der Waals and CPK representations. Also shown (in red) are the cage bond pairs alopg-whicteformation
occurs in the crystal cell (based on a cage extracted frorfihifigure, the origin of the constituent axes being the cage center of mass). Images
were rendered with VMB!

TABLE 1: Crystallographic (Cs™) and Calculated (isolated cage and solid-state) Bond Lengths and Atomic Distances in
Angstroms?

Rs R R—Rs (B—=B)ave B—H M-B
isolated dianion B3LYP 1.788 1.205
BOP 1.804 1.214
solid-state DFT BOP 1.781 1.788 0.006 1.78% 1.20Q 3.682
experimertt Cs* 1.780 1.781 0.001 1.781 1.121 3.686

a Solid-state BOP/dnp calculations were performed on the basis of theadliscrystal coordinates from ref 2.

grid size k-point spacing of 0.04 Al) and program option Isolated dianion B3LYP and BOP/dnp cage bond lengths and
“fine” convergence criteria AE < 1 x 1076 Hartree) for relevant BOP/dnp crystal cell distances are provided in Table
structure optimizations and normal mode analyses (herein termedl. The BOP/dnp bond lengths for the isolated cage are slightly
BOP/dnp). Full fcc unit cellZ = 4) and primitive unit cell Z longer (approximately 0.015 A) than the bond lengths calculated

= 1) energy minimizations and normal mode analyses were alsoat the B3LYP/6-3%+G(d,p) (B-B, 1.788 A), B3LYP/6-31G-
performed using the BOP functional and dn numerical basis (d) (B—B, 1.787 A)16 and MP2/6-31G(d) (BB, 1.782 A}’
set (BOP/dn). The lack of normal mode symmetry assignments levels of theory. The BOP/dnp primitive cell geometry optimi-
in DMol3 was reconciled with a simple g/u analysis performed zation led to a 0.02 A (average) reduction irB bond lengths
by summation over the eigenvectors in each normal mode of relative to the isolated anion BOP/dnp bond lengths and
inversion center-related atoms. Despite some small (up to2 cm differentiation of specific B-B bonds. The calculated average
1) variability among the degenerate modes calculated for the B—B bond length is 0.006 A larger than the average cage bond
isolated [B-H:15]%~ in DMol3, the selected convergence criteria length in the C$ crystal cell. The primitive cell BOP/dnp
were found to be adequate for analysis and symmetry assign-difference between long and short-B bonds R — R{ is 6—7
ment. Frequencies are reported as obtained from the calculationgimes larger than the reported deformation value (Table 1). This
without scaling. and the larger calculated average value of theBBond length
are due primarily to the notably longer {Bage distance. This
structural deformation, associated with the change frpno |
T symmetry, results in splitting of the 4- and 5-fold degenerate
Csy[B12H17] Crystal and Calculated Structures. The Fm3 modes, including g Raman active modes, and induction of
fcc unit cell € = 4), the primitive cell Z = 1), and the isolated  intensity in otherwise inactive modes. The comparison of
[B12H12]?~ cage are shown in Figure 1. Cage deformation in computed and observed spectral features permits a test of the
the room-temperature Cdattice is the smallest observed from  validity of the computed deformation.
among the series of characterized JB,,5]>~ salts, with only a Spectroscopy.The molecular vibrational modes of the |
0.001 A difference between the six shortened (1.780 A) and 24 [B1.H15]2™ cage split in thel}, site symmetry of the GEB15H14]
elongated (1.781 A) BB bonds in the Fsite symmetry (Table  crystal cell as follows:In(Th) — 2A4(2Ag) + T1¢(Tg) + 2G4
1). The X-ray value of the BH bond lengths for the Cssalt (2Ag + 2Tg) + 4Hy(4Ty + 4Ey) + 3T1(3Ty) + 2T2u(2Ty)
reflects the expected shortening due to the off-nuclear electron+ 2Gy(2A, + 2T,) + 2Hu(2T, + 2E)). The IR and Raman
density. spectra of various [BH1,]?~ salts have been reported both as

Results
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Figure 2. 10—-150 cnm? (phonon) region of the INS spectrum. The
positions of the Cs phonon modes in the calculations are shown as
orange vertical bars.

aqueous solutions and in the solid state. Of relevance for the
INS spectrum analysis are the aqueous spectra of tHeaNd
K salts (for vibrational frequencies of theslymmetry cagedj
and the solid-state IR and Raman spectra of thgBGsH1,]
salf® (for vibrational frequencies of the,Eite symmetry cages
of this salt). The room-temperature IR spectrum of the-Cs
[B12H1o] crystal provides excellent cage deformation detail of
spectral changes in regions where the crystaie symmetry
yields IR activity with G, and H, cage (k) mode splittings. The
INS analyses are divided into (1) the phonon region, (2) the
low-frequency (406-1200 cnt?t) molecular vibrational region
based on Raman, IR, B3LYP, and BOP/dnp results, and (3)
the assignment of the 46200 cn! region based on a full
theoretical overtone/combination band analysis using aCLlI-
MAX_ 20

(1) Phonon Region (8250 cnt?). The simulated spectra for
the BOP/dnp primitive cell, the BOP/dn primitive cell, and the
BOP/dn fcc unit cell are provided with the INS spectrum in
Figure 2. With two C$ cations and a single cage in the primitive
cell, the phonon modes divide into three triply degenerate mode
groups corresponding to in-phase (same direction) &sion
motions, out-of-phase (opposite direction)'@ation motions,
and three [B;H17]?" rotations (around, y, or z). The BOP/
dnp and BOP/dn primitive cell peak positions differ from one
another by as much as 13 ci[BOP/dnp and BOP/dn, 61.2
and 67.8 () cm™%, 103.7 and 114.3 (J cm %, and 115.9 and
128.1 (Ty) cm%, respectively], with these differences being
attributable only to the choice of basis set. The primitive cell
BOP/dnp phonon region is composed of three sets of triply

degenerate modes, including out-of-phase cation modes (61.2b

cm™1), in-phase C¥&cage-coupled modes (103.7 thy and
modes resulting from Cs[B12H12]—Cs rocking motions/cage
rotations in the primitive cell (115.9 cm). The primitive cell
modes at 103.7 and 115.9 chfall between the two major INS
peaks at 96 and 124 crh The lack of hydrogen motion in the
primitive cell 61.2 cm! modes argues against assignment to
the major peak at 48 cm, making it clear that only considering
the primitive cell cannot account for many features in this region.
The phonon region gains appreciable structure in the full fcc
(Z = 4) unit cell calculation due to the inclusion of out-of-
phase k = x/a) relative motions between neighboring primitive
unit cells that cannot be calculated in the in-phdse Q) limit
of the single primitive cell. The fcc BOP/dn calculation yields
15 triply degenerate modes grouped into six regions which
account for the major features of the INS phonon spectrum.
Four groups of modes centered at 43 [41.4) (%#5.5 (Tg)] and
59 [59.0 (Tg), 59.1 (Tg)] cm™1 flank the major INS peak at 48
cm, which itself includes a shoulder to lower frequency (45
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Figure 3. 500—1200 cn1? INS spectrum and fundamental B3LYP/
6-31+G(d,p), molecular BOP/dnp, and primitive cell BOP/dnp simu-
lated spectra. The BOP/dnp primitive cell spectrum is superimposed
on the INS spectrum for soligsolid spectral comparison.
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cm™1) and small cusps at 37 and 61 cinThe INS splitting of

the 96 and 105 cri peaks is reproduced by two pairs of modes
centered at 106 [104.0 g, 107.6 (Ty)] and 113 [112.7 (),
114.7 (T)] cm~L. The highest-lying of these calculated mode
groups, at 114.7 cm, is IR-active as determined by eigenvector
analysis. The prominent INS peak at 124 ¢éncorresponding

to Cs—[B12H15]—Cs rocking motions/[BH;17] ~2 twisting modes

in the crystal lattice, is reproduced by four sets of modes
centered at 128.5 cmh (127.4, 127.5, 128.7, and 130.1 tin

all Ty modes). The only features not reproduced by intensity in
the BOP/dn fcc cell calculations are the small group of INS
peaks with intensities at 74, 76, and 80 @mThe relative
positions of these peaks are reproduced in the BOP/dn spectrum
as Cs-only motions, with negligible (hydrogen-derived) in-
tensities, at 65.4 (), 68.1 (Ty), and 76.7 (T) cm L. The 65.4
cm~ mode is determined, by eigenvector analysis, to be Raman-
active, placing it in good agreement with the solid-state Raman
measurement at 58/59 cr

(2) Low-Frequency Molecular Region (462200 cn1?). The
INS spectrum of C§B1,H15] from 400 to 1200 cmt is shown
in Figure 3 and assigned to IR and Raman features in Table 2.
Included in this table are the IR and Raman peaks from aqueous
(Na* and K")!8 and solid-state GEB1,H17]'° measurements,
and the isolated [BH17]?~ frequencies as determined from a
B3LYP/6-314+-G(d,p) normal mode analysis using the average
oron mass of 10.811 amu. Included in Figure 3 are the
simulated INS spectra for the isolated;jH1,]2~ cage (B3LYP
and BOP/dnp) and the primitive cell (BOP/dnp). The calculated
frequencies at all presented levels of theory are provided with
the INS peaks in Table 2. The assignments of INS features are
presented below organized according to the B3LYP results for
the I, molecule.

522.0 cn! (Hy). These B3LYP modes occur in the INS
spectrum as two features at 535.5 and 553 %rifihe isolated
BOP/dnp calculations place these modes 30 chower in
frequency, while the primitive cell BOP/dnp calculations both
shift and split the | modes into T, (504 cnt?) and E, (529
cm™1) components with calculated intensities consistent with
the INS shape. The crystal splitting of thg ode into T, and
E, components also gives rise to the IR-activeband in the
solid state, unobserved in the aqueous studies, at 531.cm

577.7 cmit (Hg). These K modes appear as a single Raman
peak in aqueous media (58684 cntl, Table 2). The solid-
state Raman spectrum contains two resolvable peaks of unequal
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TABLE 2: INS, Raman and IR (aqueous® and solid-staté?), and B3LYP/6-31+G(d,p) and BOP/dnp Vibrational Frequencies
and (B3LYP) Symmetry Assignments for the |, Point Group and T}, Crystal Site Symmetry?

Raman IR

aqueous crystal aqueous crystal B1O8LIB3LYP BOP/dnp BOP/dnp

INS Nat/K+/K+ Cs" Nat/K+ Cst 6-31+G(d,p) isolated primitive
535.5 531 [T] 522.0 (H) 493.6 (H) 504.1 (T)
(553) 528.6 (E)
582 584/582/580 581 [T Eyl 577.7 (H) 556.3 (H) 577.3 (B)
(592) 586 [T, Eql 582.5 (1)
(632) 660.1 (G) 629.2 (G) 655.8 (Ay)
681 659.7 (Ty)
727 720/719 1] 708/718 [T 710.1 (To) 685.5 (Toy) 724.5 (T)
744.7 (A) 734.9 (A) 753.9 (A)

743/746/745 747 (4 745.5 (G) 716.9 (G) 751.3 (T))
759.7 (A)

768 770/774/770 762 [TE] 761.1 (H) 729.1 (H) 762.2 ()
787 [Ty, Eg 769.5 ()

(790) 757 [T) 764.5 (T 746.5 (Toy) 788.6 (T)
(848) 860 [T] 870.0 (G) 823.5(G) 888.2 (T)
883 933.8 (A)
940 943.2 (Q) 886.3 (G) 941.8 (A

950.9 (Tp)

946 949.1 (H) 889.9 (H) 953.7 (E)
949/954/955 950 []] 957.3 (Ty)

(975) 972 954.5 () 914.7 (H) 1014.0 ()
995 1015.8 (E)
964.1 (Tog) 905.2 (Tig) 993.5 (1)

1076 1070/1071 []] 1057, 1073 [T] 1075.4 (o) 1026.5 (T 1093.1 (T)

a Closely spaced minor peaks in the INS spectrum are in parentheses.

height at 581 (major) and 586 (minor) cfy consistent in symmetric A skeletal B-B mode, assigned to the BOP/dnp
position and relative splitting with the two resolvable INS peaks Ay mode at 754 cmt. The small size of this peak in the INS
at 582 (major) and 592 (minor) cmy respectively. These H spectrum can be attributed to the localization of this skeletal
molecular BOP/dnp modes shift 15 chto higher frequencies  mode to the B-B bonds and not to hydrogen atoms, whose
in the solid-state calculation and split intg flower) and motions are responsible for INS intensity. The 757 énR
(higher) components wita 5 cn1? separation. The presence peak is consistent in position with thg @omponents (751 crd)

of two peaks in the solid-state calculations is consistent with of the G, modes as split in the crystal cell. The-3plit BOP/

Th site symmetry splitting of thesegHnodes. dnp (solid-state) fimodes at 762 () and 770 () cm* are

660.1 cn! (Gy). These G modes are unobserved in the the only modes whose symmetry yields Raman activity in this
aqueous and solid-state optical studies. The corresponding INS'egion, placing their assignments at the higher-frequency crystal
peak (681 cm?) is flanked by small features at 624 and 698 Raman modes of 762 and 787 thmBy comparing the INS
cm™1, both shown in the aCLIMAX analysis to be combination  spectrum with the BOP/dnp primitive cell calculations, we found
bands. The INS peak itself shows little structure, while the BOP/ that the B, mode entirely accounts for the INS peak at 790
dnp solid-state calculation predica 4 cni® splitting of the G cm %, leaving the remaining three (Aq, Gy, and H) mode
mode into § and Ay components (Table 3), both of which are  groups (which occur as five distinct mode groups in thesite
formally Raman-allowed but, again, are unobserved in the solid- Symmetry) to account for the size and broadness of the 768
state Raman study. cm 1 INS peak.

710.1 cnt! (Ty,). The IR-active T, modes in the d point 870.0 cnt! (Gy). These G modes are significantly shifted
group are of § symmetry in T, and, therefore, are unsplit and  from their BOP/dnp molecular frequency (823 tihand split
IR-active in the crystal cell. The molecular BOP/dnp frequencies by 46 cntt in the BOP/dnp primitive cell into J(888 cnt?)
for these modes shift 39 crhto higher frequencies in the solid ~ and A, (934 cnT!) components. The IR-active,Thodes occur
state to yield good agreement with both INS and IR peak in the solid-state IR spectrum at 860 thmwhile the major
positions. While the INS peak is devoid of other features, the INS feature in this region occurs with only a single peak at
IR spectrum of the crystal yields two resolvable peaks of nearly 883 cmrl. The A, component (934 cnt) is shifted into the
equal height at 708 and 718 cin(Table 2). low-frequency region of the next larger INS feature.

744.7 (A), 745.5 (G), 761.1 (H), and 764.5 () cm L. 943.2 (G), 949.1 (H), 954.5 (H), and 964.1 (T cm L.
These modes are responsible for a large INS feature with aThese modes are responsible for the most interesting features
maximum at 768 cm! and a smaller, though very prominent, in the INS spectrum, as their narrow B3LYP separation is
peak at 790 cmt (Figure 3). This narrow region also contains inconsistent with the two large INS features occurring in the
the highest concentration of Raman and IR structure, which is 950-1000 cnt? region. Only the B3LYP Kmode at 949 cmt
key to testing the theoretical results in the absence of resolvedcontains any component that can become IR-active in the T
INS data. The only measured IR vibration in this region occurs site symmetry, leaving the crystal IR peak at 950 érno be
in the crystal at 757 cnt. The Raman spectrum of the crystal assigned to the BOP/dnp, Thodes at 957 cri. The highest-
can be divided into three peaks at 747, 762, and 787:cithe frequency solid-state Raman mode observed at 972 @srin
aqueous Raman peaks occur at 743/745 and 770/774.cm good agreement with the INS peak at 975 ¢émwhile lying
From polarized Raman studies, it is known that the most below a single calculatedgTmode at 994 cm! and a closely
prominent peak in this region (747 cA) is the totally spaced pair of ktderived E/Ty modes at 1015 cnt. The INS
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phonon). The major contributions from the combinations and

‘fifh[f;{';'ﬂ overtones occur in the higher-energy region of this spectrum.
Eh i ation There are several features in the calculated spectrum that clearly

correspond to nearby features of the experiment. Significant
discrepancies between the fundamental BOP/dnp and INS
spectra can be removed by changing the calculated frequencies
of a few bands slightly so that they agree with the major INS
features assigned in the fundamental mode analysis. The specific
adjustments are given in the figure legend. The result of these
corrections to the overall spectrum is shown in red in Figure 4.
These shifts have the general effect of “compressing” the
spectrum. The binary overtones and combinations that contribute
Yo in this region are colored green with the darker dashed green
0o & ito 08 a0 o 4660 inos.  sbb line being the phonon wings added to the fundamental transi-
e tions. These are computed using the shifted fundamentals. There

Figure 4. 400-1200 cnt! INS spectrum with both the BOP/dnp are a few small feau_"es (eg.at 849fmsompare with _Figure
primitive cell simulated spectrum (blue) and the INS-corrected (mode- 3) that are due entirely to combinations. In the region above
shifted) BOP/dnp spectrum (red). Included in this figure are the 1030 cnr?, the overtone and combination intensity exceeds that
component fundamental (pink), two-quantum (green), and fundamental of the fundamental transitions.

and INS phonon (dashed dark green) spectra. In converting the

computed_ spectrum (blue_trace) to the “shifted” red trace, we applied pjscussion

the following transition shifts: 505 cmd — 536 cn1?, 521 cn! —

553 ¢, 654.6 cm — 680 cnt, 781 cnrt — 766 cnt, 871 cmt This solid-state DFT study of @812,H12] was motivated by
— 880 lely 993.5 Cn’Tll — 975 cm?, 1014.0 cm* — 993 cm*, disagreement between the normal mode analysis of the isolated
1015.8 cmr* — 995 cnt™. (In symmetry) B3LYP/6-31G(d,p) cage and the observest Cs

[B12H12] INS spectrun® Isolated-molecule calculations ascribe
the 883 cm! INS peak to a Gmode, leaving a large composite
feature from 900 to 1125 cr for which four molecular modes

of Gy, Hg, Hu, and Ty symmetries can account. Isolated
molecule calculations group all four of these modes into a
narrow (20 cn?) region (see Table 3), so all appear as a single
peak when simulated with appropriate bandwidths. The correct
groupings of these molecular modes as observed features occur
in the unit cell treatment of vibrational shifting and splitting as
follows. The three features in this region at 883, 946, and 995
cmt are found to originate from all five of the aforementioned
molecular modes: (plus [Gy,Hg,Hy, T1gl. The G and H modes
are all split in the lower ¥ crystal symmetry. The INS peak at
883 cn1lis entirely composed of the,Tcomponent of the G
molecular mode. The INS peak at 946 This composed of
the remaining A crystal mode of the molecular @roup plus

the G, and H, modes (all components), with the,Hnodes
responsible for both the observed INS and IR intensity in the
1950 cnt! region. The INS peak at 995 crhand the smaller
feature at 975 cmt are composed of the summation of the
contributions of the components of the £995 cnm?) and Tiq
(975 cnrl) molecular modes. The slight splitting of thisyH
T1g grouping can, given the relative intensities of thg ahd

T1g peaks, be assigned to thg inaffected by the {Jcrystal
environment. The major effect of the crystal field in the INS
spectrum is to differentially shift the {jl H; mode group, at
954 cmt, 40 cn! to a higher frequency while leaving many
of the remainder of the calculated modes unchanged.

spectrum contains a large peak at 995 ¢nthat the Raman
spectrum does not. By inspection of the intensities of the INS
and BOP/dnp spectra, the B3LYR fode at 964 cmt is likely

the origin of the INS/Raman peaks at 975/972 ¢mand is
therefore assigned to the BOP/dnp primitive cell peak at 994
cm 1. This assignment leaves the B3LYR hhodes at 954.5
cm~t to account for the INS peak at 995 ti 20 cnt! lower
than the BOP/dnp primitive cell peaks at 1015 émThese
assignments of the calculated results leave th¢983 cn?)

and H, (949 cnt!) modes responsible for the INS peak with a
strong maximum at 946 cr.

1075.4 cm?! (T1,). While the last of the low-frequency
molecular modes occurs sufficiently high above the previous
region to allow for its unencumbered assignment, this region
of the INS spectrum contains additional features that can only
be attributed to combination bands (see below). The B3LYP
Tiumode is T, in the T, point group and is, therefore, IR-active,
occurring in both aqueous and solid-state studies. The Cs
crystal IR spectrum contains three peaks at 1057, 1073 (bot
of nearly equal intensity), and 1116 ci(small but resolvable).
This region of the INS spectrum is dominated by one broad
peak centered at 1079 ctmand a distinct peak to a higher
frequency at 1131 cmi. As the T, mode in |, symmetry is
unsplit in the T, site symmetry, the calculated frequencies can
be assigned to only one of the features in this region. The
proximity and separation of the IR data relative to the other
peaks in this region indicate that the 1076 @riNS feature is
due to the calculated,Tmode in the solid state at 1093 cin
(BOP/dnp).

(3) Overtone and Combination ContributionBhe intensities
of n-quantum transitions in INS spectroscopy scale by the square The INS spectrum of GEB12H15] has been assigned on the
of thenth power of the momentum transf&), For the TOSCA basis of the results of optical studies and solid-state DFT
spectrometelQ increases with transition energy. Multiquantum calculations. Splittings of degenerate modes due to th&té
transitions thus become both more numerous and more intensesymmetry of the crystal cell are present to varying degrees in
at higher frequencies. the optical studies and are very clear in the isolated/solid-state

In Figure 4, the dashed green trace shows the sum of all DFT analysis. Both the major discrepancy between the isolated
contributions as computed directly from the primitive cell BOP/ molecule and INS spectra (962100 cnt? region) and much
dnp calculation but with addition of the first 75 ciof the of the additional structure in the INS spectrum due to overtone/
experimental spectrum so as to include the phonon “wing” combination features are correctly assigned in the solid-state
contributions in this “molecular fundamental” region01 + DFT analysis. The importance of considering both frequency

Conclusions
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and intensity/H-atom motions in the solid-state DFT calculations (5) Hudson, B. SJ. Phys. Chem. 001, 105 3949.

is demonstrated in the Cgphonon modes that are visible in Herr(T?;nHqu-Sg?i'ngbfc';hAll-llils’P%y(s};ciae%er,égbg'igaagzitrfg-cuega' A,
the INS spectrum and, importantly, whose frequencies are ) ’A”is’, D.G. Hu&son, B. SChem. Phys, Let2004 385 166.

accurately predicted. The assignment of additional vibrational  (g) parker, S. FJ. Neutron Res2002 10, 173.

structure in the INS spectrum by way of overtone/combination (9) The Database of Inelastic Neutron Scattering Spectra is available
inclusion in the solid-state DFT analysis demonstrates both the at ?{top)i/::_WWV\giS'\ij-E:-ai-Uk/kmogc\l;\llarzpﬁftfoslcapxgingex-hmﬁ- 6. E- Rob

H ] it H riscn, M. J.; lTrucks, G. W.; Schlegel, A. b.; Scuseria, G. E.; RODD,
importance ofmult!quantum transﬁpns in INS spectroscopy a'nd M. A Cheeseman. J. R.: Montgomery. S']_ A Ire Vreven. T.. Kudin, K.
the need to consider these transitions as part of theoreticaly: Burant, J. C.; Millam, J. M.; lyengar, S. S.: Tomasi, J.; Barone, V..
analyses in accurately reproducing and assigning INS spectraMennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,

The computed structure for the {B11]2~ cage using the :\‘ﬁk(?tsﬂ""'\i? Ea'da' ’V'T-; Egaf?jv 'V'Y TE}’tOta’é-;EuiudaHR-};(:*aseﬁWﬁgl?
: . . shiaa, M.; Nakajima, 1.; Ronda, Y.; Kitao, O.; Nakal, H.; Klene, IV..; LI,

reported crystallographic unit cell parameter results in a cage X.: Knox, J. E.: Hratchian, H. P.: Cross, J. B.: Bakken, V.: Adamo, C.:

(AR = 0.0066 A) more deformed than that reported for the Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;

analysis of the diffraction data\R = 0.001 A). If this structural \(;atrﬂm(la. i-: golmetlill. CF.); ODchtersklI), J. V~§'lJ A)éalalz, P. Yl.(;_ I\\lllorgkqua, K_.;h

: H HY oth, G. A.; Salvaaor, P.; Dannenberg, J. J.; Zakrzewskl, V. G.; Dappricn,
deformation Va.nIShe.S’ the observed and computed splitting S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

values also vanish. Given the generally good agreement betweerb ; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
the computed and observed 15 K INS spectral splitting for the G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;

Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
Ho, E“’ Iand G mﬁdes’ the Co.mp#ted St.rUCturei appearls tol be M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
much closer to that present in the cesium salt crystal at low Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian

temperatures than that reported in the room-temperature X-rayo3, revision B03; Gaussian, Inc.: Wallingford, CT, 2004.
study. (11) DMol3; Accelrys: San Diego (http://www.accelrys.com). Delley,
B. J. Chem. Phys200Q 113 7756.

: (12) Hydrogen: Hehre, W. J.; Ditchfield, R.; Pople, JJAChem. Phys.
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