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A B S T R A C T   

The vibrational dynamics of diborane have been extensively studied both theoretically and experimentally ever 
since the bridge structure of diborane was established in the 1950s. Numerous infrared and several Raman 
spectroscopic studies have followed in the ensuing years at ever increasing levels of spectral resolution. In 
parallel, ab initio computations of the underlying potential energy surface have progressed as well as the methods 
to calculate the anharmonic vibration dynamics beyond the double harmonic approximation. Nevertheless, even 
70 years after the bridge structure of diborane was established, there are still significant discrepancies between 
experiment and theory for the fundamental vibrational frequencies of diborane. In this work we use para
hydrogen (pH2) matrix isolation infrared spectroscopy to characterize six fundamental vibrations of B2H6 and 
B2D6 and compare them with results from configuration-selective vibrational configuration interaction theory. 
The calculated frequencies and intensities are in very good agreement with the pH2 matrix isolation spectra, even 
several combination bands are well reproduced. We believe that the reason discrepancies have existed for so long 
is related to the large amount of anharmonicity that is associated with the bridge BH stretching modes. However, 
the calculated frequencies and intensities reported here for the vibrational modes of all three boron isotopologues 
of B2H6 and B2D6 are within ± 2.00 cm−1 and ± 1.44 cm−1, respectively, of the experimental frequencies and 
therefore a refined vibrational assignment of diborane has been achieved.   

1. Introduction 

Starting with its conception in the 1950s matrix isolation spectros
copy (MIS) has proven to be a powerful tool to characterize the vibra
tional spectrum of polyatomic molecules using direct infrared 
absorption spectroscopy [1–4]. MIS originated from the desire to spec
troscopically characterize highly reactive species by trapping them in a 
chemically inert matrix host to build up sufficient concentrations of the 
guest species such that direct absorption (IR or UV) can be used to both 
identify the molecule (set of vibrational frequencies) and quantify its 
concentration (intensities). In the 1970s several computational chem
istry packages were developed which allowed experimentalists for the 
first time to calculate from first principles the vibrational frequencies 
and intensities of a prospective small molecule at the harmonic level. 
This combination of MIS and ab initio software has proved invaluable in 
the assignment of new chemical species that form in matrix isolation 
experiments. However, if the difference between the calculated and 
observed vibrational frequencies is sufficiently large, this weakens 

considerably the positive identification of new species [5,6]. Further
more, some polyatomic molecules require going beyond the so-called 
double harmonic approximation [7], which treats the potential energy 
functions as second-order polynomials and the dipole moment functions 
as first-order polynomials, to simulate the infrared spectrum accurately 
enough to allow comparison with high-resolution infrared data. 

Fast forward to 2024 and now to some extent MIS has been super
seded by high resolution IR spectroscopy in supersonic expansions 
where the molecule (or cluster) is probed in vacuo [8]. A supersonic 
expansion cools the entrained molecule of interest thereby greatly 
simplifying the rovibrational spectrum by collapsing the rotational 
populations to just the lowest levels, and it makes direct-IR absorption 
more sensitive for the same reason. Nowadays the whole rovibrational 
spectrum can be simulated by ab initio methods [9,10] and compared 
with experiment to accomplish the same task of matching new mole
cules to their infrared spectra, where both experiment and theory treat 
the molecule in isolation. In contrast, MIS necessarily involves the 
guest–host intermolecular interactions which can lead to some 
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peculiarities in MIS that intricately depend on the properties of the 
specific guest–host combination [11]. Noble gases such as argon, 
krypton, and xenon as well as molecular nitrogen were first used as 
matrix hosts due to their weak intermolecular forces, transparency in the 
IR region, and relatively high melting points which meant they could be 
deposited and maintained at modest cryogenic temperatures with the 
available closed-cycle helium cryostats [11]. These guest–host inter
molecular interactions lead to mode dependent matrix shifts (Δν =

νmatrix – νgas) in the vibrational modes of the guest species, and thus 
comparing MIS results with computations of the isolated molecule re
quires accounting for these matrix shifts. Jacox [12,13] compiled the 
matrix shifts of 230 diatomic molecules isolated in noble gas and ni
trogen matrices and found that the matrix shifts in solid argon are 
typically smaller than 2 %, and that the matrix shifts increase in the 
order Ne < Ar < Kr < Xe < N2. Today with advances in cryogenics, 
researchers are now increasingly using neon (Ne) and parahydrogen 
(pH2) as matrix hosts, opening new possibilities as will be discussed in 
this work. 

Our experimental group exclusively utilizes solid pH2 as a matrix 
host for a variety of problems in chemical physics, and in this work, we 
investigate the anharmonic vibrational spectrum of a stable small 
molecule for comparison with configuration-selective vibrational 
configuration interaction (VCI) calculations that go beyond the double 
harmonic approximation and intrinsically treat all kinds of resonances, 
e.g., Fermi or Darling-Dennison anharmonic resonances [14–17]. Many 
of the advantages that MIS has for the characterization of transient 
species carry over to detailed vibrational studies of stable molecules; 
broad spectral coverage allows all the infrared active vibrations of a 
guest species in a specific spectral region to be probed at high resolution 
to produce precise vibrational peak frequencies and absorption in
tensities for an isolated guest species at low concentration. One impor
tant advantage that the pH2 host affords over noble gas matrix hosts is 
the superior optical quality that can be achieved in rapid vapor depos
ited pH2 which permits the use of millimeter-thick matrices [18]. This 
effect is attributed to the orders-of-magnitude larger crystallite grain 
sizes achieved in rapid vapor deposition of pH2; the grain sizes are 
roughly 100 μm in solid pH2 versus ~ 100 nm in noble gas matrices [18]. 
This permits utilization of low guest concentrations that are in the true 
matrix isolation limit, allowing for the unambiguous identification of 
monomer spectroscopic features. Further, the increased pathlength al
lows weaker absorptions such as combination bands and overtones to be 
measured to provide information beyond the double harmonic approx
imation. Another advantage to solid pH2 is that infrared transitions of 
the solid pH2 matrix itself can be used to quantify the thickness of the 
sample [19], the fraction of hexagonal closest packed crystal sites [20], 
and the concentration of ortho-hydrogen molecules [21] which make 
quantitative infrared spectroscopy possible. 

We chose to focus on diborane (B2H6) because it has three-center, 
two-electron banana bonds that provide a stringent test of computa
tional methods. For example, for the bridge B-H stretch/ring deforma
tion mode ν17 there is a −155.2 cm−1 shift between the harmonic (ω17 =

1758.5 cm−1) and anharmonic (ν17 = 1603.3 cm−1) frequencies sug
gesting a scaling factor ν13 = 0.91 ω17 which indicates significantly 
greater anharmonicity for this bonding motif than standard two- 
electron, two-center covalent bonds [22]. Furthermore, with two natu
rally abundant boron isotopes, 0.801 11B and 0.199 10B, each sample 
contains the 11B2H6, 11B10BH6, and 10B2H6 isotopologues in relative 
abundances of 0.642(11), 0.319(14), 0.0396(28), respectively, and the 
IR absorptions of each isotopologue should be resolved in the spectra 
and thus permit the isotopic shifts to be measured; this is very helpful in 
testing vibrational assignments. We also chose B2H6 because recently 
the IR spectrum of B2H6 (and B2D6) trapped in a neon matrix was 
published permitting detailed comparisons [23]. The final reason we 
chose B2H6 is because we are currently investigating the 193 nm 
photochemistry of B2H6 dispersed in solid pH2 to synthesize the flux
ional BH5 chemical intermediate, and a knowledge of the IR spectrum of 

the precursor or parent molecule is extremely helpful in making as
signments of new features that are produced after photolysis. 

The IR spectrum of diborane has been studied extensively both 
experimentally and by theoretical approaches in the gas-phase. Experi
mental infrared spectroscopic studies of diborane started with Stitt who 
measured the gas phase spectrum from 400 to 4000 cm−1 with a prism 
spectrometer and attempted to analyze the spectrum with an ethane-like 
structure [24]. Bell and Longuet-Higgins developed a normal coordinate 
treatment for the bridge model of diborane and assigned fifteen out of 
seventeen active fundamentals (infrared [24] and Raman [25]) in B2H6 
with an average error of 2 % and a maximum error of 6 % [26]. Price re- 
examined the infrared spectrum of diborane with slightly higher 
resolving power and revealed features that ruled out the ethane-type 
structure in favor of the bridge model [27,28]. After the bridge struc
ture of diborane was established, the emphasis switched to making an 
unequivocal assignment of all fundamentals and the determination of 
high precision ground state molecular constants. In 1970 Lafferty and 
co-workers [29] used a grating spectrometer (res = 0.04–0.05 cm−1) to 
measure the rotationally resolved spectrum of ν8 and ν16, the two 
infrared active terminal B-H stretching bands, in which samples were 
enriched in 10B and 11B which led to the determination of precise ground 
state rotational constants. Starting in the 1980s Duncan and his col
laborators began a series of spectroscopic studies [30–35] of both 
gaseous and crystalline diborane to establish an assignment of all fun
damentals of B2H6 and B2D6. The goal of these studies was to develop a 
physically realistic, numerically precise harmonic potential function for 
diborane [31]. However, given the importance of anharmonic reso
nances in this molecule, which were not fully appreciated at this time, 
significant deviations in the predictions of the harmonic potential 
remained, especially for the bridge B-H stretching modes. As discussed 
by Stanton [36], since diborane has eight atoms, an exclusively spec
troscopic determination of its anharmonic potential is a nearly an 
intractable problem. Hence, as far back as 1998 it was recognized that 
only theory can help resolve the question of whether the poor agreement 
between the predictions of Duncan’s empirical potential and the avail
able ab initio calculations for the bridge B-H stretching modes in B2H6 
(B2D6) is due to limitations in the theoretical description of the dynamics 
or to surprisingly large anharmonic effects. 

Paralleling the developments of increased resolving power in 
infrared spectroscopy, progress in ab initio methods to calculate the 
potential energy surface (PES) and methods to calculate the nuclear 
dynamics on that PES have steadily advanced. In the beginning ab initio 
methods were employed extensively to compute the vibrational spec
trum of B2H6, but most calculations were limited to the harmonic 
approximation, which is of limited utility for this strongly anharmonic 
molecule. In 1988 Stanton and Gauss [36] used coupled-cluster theory 
with a reasonably large basis set to obtain cubic and semi-diagonal 
quartic force constants to calculate the fundamental frequencies of 
11B2H6. In this work they showed that the differences between ab initio 
harmonic frequencies for ν6 (b2g) and ν17 (b3u) and those calculated using 
the empirical harmonic force field developed by Duncan and co-workers 
are the result of unexpectedly large anharmonic effects, especially for 
the ring stretching modes of diborane [36]. In 2012, Begue et al. 
computed harmonic potential terms at the coupled-cluster level and 
anharmonic terms at the level of density functional theory, namely 
B3LYP/6–31 + G*, and used variational and combined variation- 
perturbation approaches to calculate the IR spectrum of B2H6 and 
B2D6 beyond the harmonic limit [37]. In many cases they obtained good 
agreement between their calculations and their own gas-phase mea
surements, but for example, they predict the ν17 mode at 1567 cm−1 

while it is observed at 1604 cm−1, a difference of nearly 40 cm−1 (2.49 
%). As recently as 2016 Peng et al. used second-order vibrational 
perturbation theory (VPT2) based on a quartic force field to calculate the 
vibrational spectra of B2H6 and B2D6 in combination with new Ne matrix 
isolation studies by the same group [23]. The authors report that the 
mean deviation between the best experimental data for the free 
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molecule, that is the vibrational frequencies listed in Duncan et al. [31], 
and the calculated anharmonic frequencies of all the fundamental modes 
is + 28.8 ± 30 cm−1 for 11B2H6 and + 13.8 ± 18.4 cm−1 for 11B2D6. The 
agreement between calculated and observed wavenumbers is clearly 
only moderate with discrepancies much larger than the precision of the 
measurements. 

In 2019 Ziegler and Rauhut published a theoretical study on the 
fundamental modes of 11B2H6, 11B2D6, 10B2H6, and 10B2D6 in which they 
calculated the potential using coupled-cluster theory and truncated after 
4-mode coupling terms to represent the PES [22]. An optimized modal 
basis was obtained by vibrational self-consistent field (VSCF) theory and 
VCI calculations were used to determine vibrational correlation effects 
and accurate state energies. The mean absolute errors (MAE) between 
the “best experimental frequencies” (same set as above [31]) and their 
calculated wavenumbers of the fundamental modes is 4.71 cm−1 for 
11B2H6 and 6.32 cm−1 for 11B2D6. The improved agreement between the 
calculated and observed spectrum compared to Peng et al. [23] is likely 
due to improved accuracy in the calculated anharmonic frequencies, but 
they also used 1880 cm−1 for the experimental frequency of ν13 (b1u) to 
calculate the MAE of 11B2H6 while Duncan lists the deperturbed value, 
1924.8 cm−1, in his publication [31]. This highlights the current state of 
our understanding of the vibrational spectrum of diborane; Duncan’s 
analysis underestimated the anharmonic contributions to the vibrational 
modes of diborane, especially for the modes involving bridged B-H 
bonds, and good agreement between theory and experiment waited until 
theory could accurately represent the anharmonic vibrational dynamics. 
We therefore decided to perform similar anharmonic vibrational cal
culations for all three naturally occurring isotopologues of B2H6 and 
B2D6, that is including the 11B10BH6 and 11B10BD6 non-centrosymmetric 
isotopologues that were not included in the original publication of 
Ziegler and Rauhut [22], to compare with new pH2 matrix isolation 
infrared studies of diborane to determine how well current computa
tional methods can reproduce the vibrational spectrum of diborane and 
hopefully complete vibrational assignments that started over 70 years 
ago. 

2. Methods 

2.1. Experimental details 

The experimental apparatus, which combines a high-resolution 
Fourier Transform Infrared (FTIR) spectrometer with a liquid helium 
bath cryostat, has been described in detail elsewhere [38,39]. In brief, 
we grow chemically doped pH2 crystals on a BaF2 optical substrate using 
the rapid vapor deposition (RVD) technique developed by Fajardo and 
Tam [21,40]. Sample temperatures reported in this study are measured 
with a Si-diode attached to the bottom of the substrate holder (TB); 
temperatures are measured at 1 Hz and saved to a computer. In these 
experiments, unless stated otherwise, 99.97 % pH2-enriched solids are 
prepared during deposition by passing normal-H2 gas through a home- 
built ortho/para converter operated near 14 K. The concentration of 
diborane in the pH2 solid is controlled by varying the guest flow rate 
with respect to the pH2 flow rate, which is set to a constant value of 308 
(16) mmol/h for this set of experiments. Because of the large range of 
integrated intensities (e.g., 0.84 to 414.41 km/mol) for the eight 
infrared active fundamentals of B2H6, six different B2H6/pH2 and five 
B2D6/pH2 samples with diborane concentrations that range from 1.40 
(6) to 123(4) ppm were deposited and analyzed in this study. Experi
mental details for each of the samples are gathered in Tables S1 and S2 in 
the Supplementary Information. 

High-resolution IR spectra are recorded using an FTIR spectrometer 
(Bruker IFS-120/5-HR) with the IR beam focused through the cryostat 
and recollimated with off-axis parabolic mirrors (8″ effective focal 
length) in a transmission optical setup. Two different FTIR setups were 
employed in this work: (1) IR spectra from 1820 to 6000 cm−1 at 0.02 
cm−1 resolution were recorded using a tungsten source, KBr beam 

splitter, and InSb detector and (2) spectra from 650 to 4700 cm−1 at 
0.03 cm−1 resolution are measured using a glow bar source, KBr beam 
splitter, and MCT detector. We report spectroscopically determined 
dopant concentrations in parts per million (ppm) using the following 
equation, 

[X] =
(ln10)V0

(
1 × 106

)

εXd

∫

A10(ν̃)dν̃ (1)  

where X is the species of interest, A10(ν̃) is the decadic absorbance as a 
function of wavenumber, εX is the integrated absorption coefficient for 
the transition, d is the IR pathlength through the pH2 crystal determined 
from the integrated intensity of the Q1(0) + S0(0) and S1(0) + S0(0) 
double transitions of solid pH2 [19], and V0 is the molar volume of solid 
pH2 at liquid helium temperatures (23.16 cm3 mol−1) [41]. The inte
gration limits used in this work are reported in Table S3 and S4 in the 
Supplementary Information and all B2H6 (B2D6) concentrations are 
determined using the ν8 fundamental. 

In this study we investigate both reversible and irreversible changes 
in the diborane spectral features over the temperature range 1.5 to 4.3 K. 
As documented in numerous previous studies [42–47], the RVD method 
is known to produce polycrystalline as-deposited pH2 solids that contain 
metastable face-centered cubic (fcc) and hexagonal closest packing 
(hcp) crystal structures. Warming the sample to greater than 3.5 K for 
several minutes irreversibly anneals the solid to a nearly pure hcp crystal 
structure and results in a high degree of alignment of the c-axis of the 
hcp crystallites with the substrate surface normal [43,44]. This 
annealing process can be quantified [46–48] by measuring the fraction 
of hcp crystal structures in the probe region, Xhcp = Nhcp/(Nhcp + Nfcc), 
using the zero phonon U0(0) solid pH2 single transition near 1167.1 
cm−1 or the U1(0) transition near 5261.29 cm−1. Only pH2 molecules in 
hcp crystal sites that lack a center-of-inversion can contribute to the 
integrated intensity of the U0(0) or U1(0) transitions such that the in
tegrated intensity can be used to monitor Xhcp using the following 
equation, 

Xhcp = 2.303
cV0

α̃dν̃0NA

∫

A10(ν̃)dν̃ (2)  

where c is the speed of light in vacuo, α̃ is the U0(0) or U1(0) absorption 
coefficient, d is the thickness of the sample or the pathlength, NA is 
Avogadro’s constant, and ν̃0 is the peak frequency of the transition in 
cm−1. Consequently, Xhcp should have values between 0 and 1 and can 
be used to quantify the crystallinity of the sample. 

2.2. Computational details 

Frozen core explicitly correlated coupled-cluster theory [49], i.e., 
CCSD(T)-F12a, in combination with a triple- ζ basis set [50], cc-pVTZ- 
F12, has been used to determine the equilibrium structure, harmonic 
frequencies and large parts of the multidimensional PES. An n-mode 
expansion of the PES employing rectilinear normal coordinates and 
being truncated after the 4-mode coupling terms has been used in all 
calculations. A multi-level scheme [51] has been utilized to reduce the 
computational effort, that is, the 3D and 4D terms were evaluated by 
using an orbital basis set of double- ζ quality, i.e., cc-pVDZ-F12. Sym
metry has been exploited two-fold, first in the electronic structure cal
culations and secondly in the construction of the PES [52]. Dipole 
moment surfaces (DMS) were evaluated using the distinguishable cluster 
approximation [53], DCSD, with the same basis sets. The grid repre
sentation of the PESs and DMSs were transformed to an analytical rep
resentation using 7 monomials per mode. Kronecker product fitting has 
been used for this task [54]. 

Vibrational one-mode wavefunctions (modals) were obtained from 
vibrational self-consistent field theory (VSCF) and serve as basis func
tions in the subsequent correlation calculations. Vibrational configura
tion interaction theory [55–57] including up to sextuple-excitations and 
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a further restriction of the correlation space by including only those 
Hartree products with a maximal excitation per mode up to 7th root and 
a maximal sum of vibrational quantum numbers of 15. This resulted in 
about 13 million configurations per irreducible representation and 
vibrational state calculation. The μ-tensor, as occurring in the Watson 
Hamiltonian [58], was truncated after 0th-order to account for vibra
tional angular momentum contributions. All calculations have been 
performed with the Molpro package of ab initio programs [59]. 

3. Results 

Diborane, B2H6 (B2D6), is the simplest stable borohydride under 
ambient conditions [60]. Diborane has a ring-type molecular structure 
and has two bridging hydrogens and four terminal hydrogens. B2H6 and 
B2D6 have D2h point group symmetry and eighteen vibrational modes 
[61] that transform as 4ag, 2b1g, 2b2g, 1b3g, 1au, 2b1u, 3b2u, and 3b3u. 
Eight of the modes are infrared active (2b1u, 3b2u, and 3b3u) and nine of 
the modes are Raman active (4ag, 2b1g, 2b2g, 1b3g), with one mode (1au) 
that is neither infrared nor Raman active. The 10B11BH6 (10B11BD6) 
isotopologues belong to the C2v point group that is not centrosymmetric, 
such that sixteen of the total eighteen vibrational modes are formally 
infrared active [23]. However, none of the new infrared active modes in 
the mixed boron isotopologues absorb strongly. We do observe peaks 
that are assigned to several of these new active vibrational modes (ν3, ν1, 
and ν11 for 10B11BH6 and ν15, ν1, and ν11 for 10B11BD6) for the mixed 
boron isotopologues that are symmetry forbidden in the case of 11B2H6 
or 10B2H6, but in general the infrared intensities of 10B11BH6 (10B11BD6) 
follow closely with the higher symmetry isotopologues. 

In this work we use the generally accepted numbering of the dibor
ane normal mode vibrations for the molecular point group D2h that 
conforms to the notation for ethylene which was originally used by Bell 
and Longuet-Higgins to predict the bridged structure of diborane [26]. 
This is also the vibrational mode numbering scheme adopted by Duncan 
in his extensive spectroscopic studies of diborane and its isotopologues 
[30–35]. In this axis system, Il, the b1u vibrations are c-type, the b2u vi
brations are b-type, and the b3u modes are a-type. More recent spectro
scopic work [23] and the NIST webbook [62] utilize the more 

conventional mode numbering scheme which effects the symmetry 
species by interchanging the 1 and 2 subscripts in the symmetry symbols 
and/or requires renumbering of nine (ν6 – ν14) of the eighteen funda
mentals to conform to this competing convention. To avoid possible 
confusion, we include Tables S5 and S6 in the Supplementary Infor
mation to show how the different vibrational mode numbering schemes 
are related. 

3.1. B2H6 and B2D6 fundamental vibrations 

Fig. 1 shows survey spectra from 700 to 3000 cm−1 where five of the 
eight IR active fundamentals of both B2H6 and B2D6 are observed. The 
pH2 matrix isolation spectra are dominated by the intense fundamental 
at 1597 cm−1 (1194 cm−1) for B2H6 (B2D6) which corresponds to ν17 
(bridge BH stretch/ring deformation) where it has been suggested that 
the large intensity of this band is associated with the tendency toward 
the formation of BH2

+BH4
– and BH4

–BH2
+ at the turning points of this vi

bration [28]. The end-over-end rotation of diborane is quenched when it 
is trapped in the pH2 matrix and thus there is no rotational fine structure 
associated with these spectra (more on this later). Shown at the bottom 
of each spectrum are the calculated 11B2H6 (11B2D6) vibrational fre
quencies from the VCI calculations which show quantitative agreement 
with the experimentally observed peak frequencies and permit 
straightforward assignment of the fundamental vibrational modes. 
Table 1 lists the wavenumbers of the absorption lines in the infrared 
spectrum of B2H6 isolated in an as-deposited pH2 matrix at 1.8 K along 
with Ne matrix isolation results [23] recorded at 4 K to permit com
parisons; Table 2 presents the analogous comparisons for B2D6/pH2. At 
these B2H6 (B2D6) concentrations where the ν17 decadic absorption is 
kept below 1.0; the spectrum is quite sparse due to the centrosymmetric 
molecular structure of diborane which results in vibrations being either 
IR or Raman active; ten of the eighteen normal modes of the 11B2H6 and 
10B2H6 species are IR inactive. At higher B2H6 (B2D6) concentrations we 
observed one more fundamental (ν13 – bridged BH stretch/ring defor
mation) and several combination bands for both species. 

We now present the spectroscopic assignments of B2H6 trapped in 
solid pH2 in more detail by showing spectra in expanded regions 

Fig. 1. Comparison of the experimental infrared spectra of diborane dispersed in solid pH2 with the fundamental frequencies predicted by anharmonic vibrational 
calculations. Spectra recorded at 1.8 K for as-deposited samples (a) of B2H6/pH2 with d = 0.174(2) cm and [B2H6] = 1.40(6) ppm, and (b) B2D6/pH2 with d = 0.125 
(1) cm and [B2D6] = 3.6(3) ppm. The gold lines at the bottom of each spectrum are the calculated peak positions for 11B2H6 and 11B2D6, respectively, for the 
labeled mode. 
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centered around the fundamental absorptions of B2H6 in Fig. 2. For 
example, the ν14 fundamental (b1u, terminal BH in-phase wag) of B2H6 is 
a c-type band that is observed near 972 cm−1 for B2H6 solvated in solid 
pH2. The three observed features in this region correspond to the 11B2H6, 
10B11BH6, and 10B2H6 isotopologues in natural abundance (e.g., 
16.2:8.06:1). These three isotopologue peaks are labeled by the fre
quency comb near the top of Fig. 2 with i, ii, and iii designating the 
11B2H6, 10B11BH6, and 10B2H6 isotopologue peaks, respectively. The ν14 
fundamental of B2H6 in Fig. 2 shows the “normal” boron isotopic shift 
pattern; a normal boron isotopic shift pattern is one where the 11B2H6 
peak wavenumbers are lower than 10B2H6, and the 10B11BH6 peak lies 
midway between the 11B2H6 and 10B2H6 peaks. Also shown in Fig. 2 is 
the calculated ν14 spectrum which is represented by three Lorentzian 
lineshapes that were constructed using the output of the VCI calculations 
(wavenumbers and intensities) and a full width half maximum (FWHM) 
chosen to match the experimental spectrum. The calculated VCI fre
quencies and intensities for all three boron isotopologues of both B2H6 
and B2D6 are given in Table 3 and 4, respectively. The agreement be
tween the experimental and calculated spectra is quite good for the six 
IR-active B2H6 fundamentals in Fig. 2; the greatest discrepancy is for the 
ν17 mode which involves the bridging B-H-B bonds and is expected to be 
very anharmonic (more on this later). We will quantify the comparison 
between theory and experiment in the discussion section, and for now 
we will use the predicted spectrum to help guide the assignment of the 

observed B2H6 features. 
Examination of Fig. 2 shows that for the most part, we observe 

repeated three peak isotopic splitting patterns for all six of the B2H6 
fundamentals, which suggests that if B2H6 occupies multiple matrix sites 
in solid pH2, the site splitting’s are smaller than the boron isotopic shifts 
for the three B2H6 isotopologues. Both ν8 and ν13 have noticeably 
broader lineshapes (FWHM ≈ 0.65 cm−1) than the other fundamentals; 
ν14, ν18, ν17, and ν16 all have narrower linewidths (FWHM ≤ 0.25 cm−1) 
and show evidence for additional matrix site splitting’s (for example, see 
ν16 in Fig. 2). To help identify perturbations and mixing caused by 
anharmonic resonances, we present the percentages of the contributing 
configurations (Hartree products) to the eighteen fundamentals and 
several two-quanta combination bands and overtones in Tables S7 and 
S8 for boron isotopologues of B2H6 and B2D6, respectively, in the Sup
plementary Information. 

We applied this same type of assignment procedure to the infrared 
spectra of B2D6 trapped in solid pH2. Once again, we rely on the VCI 
calculations to guide the assignment and to help identify perturbations. 
We show expanded views of the six observed B2D6 fundamental modes 
in Fig. 3. Assignment of all six fundamentals is readily accomplished via 
comparison to theory. Like B2H6, the VCI calculations reproduce the 
B2D6/pH2 experimental spectra very well for the IR-active vibrational 
fundamentals. However, with B2D6 we see the first indication of per
turbations in the vibrational spectrum. The ν14 spectrum of B2D6 shows 

Table 1 
Infrared absorptions of B2H6 in as-deposited pH2 solids at 1.8 K compared to B2H6 1:1000 in Ne at 4 K. Peak positions in cm−1.     

pH2    Ne  

mode Sym. 11B2H6 
11B10BH6 

10B2H6 modea 11B2H6 
11B10BH6 

10B2H6 

ν9 b2u —— —— —— ν13 920.10 923.98 —— 
ν14 b1u 972.12 974.67 976.84 ν9 974.75 977.25 979.37 
ν18 b3u 1169.16 1171.74 1175.61 ν18 1172.10 1174.71 1178.56 
ν3 b1u —— 1184.38 —— ν3 —— —— —— 
ν17 b3u 1596.80 1599.02 1601.14 ν17 1597.73 1599.96 1602.09 
ν13 b1u 1878.42 1881.83 1885.37 ν8 1877.87 1882.41 1884.93 
ν 16 b3u 2516.98 2519.01 2522.30 ν16 2521.77 2523.84 2526.38 
ν1 ag —— 2532.36 —— ν1 —— —— —— 
ν11 b1g —— 2597.03 —— ν6 —— —— —— 
ν8 b2u 2604.93 2615.06 2618.68 ν12 2610.62 2620.67 2624.49 
ν9+ν15 b1u 1989.99 1993.78 1997.41 ν13+ν15 1990.24 1993.65 1996.16 
2ν18 ag —— 2336.68 —— 2ν18 —— —— —— 
ν3+ν18 b3u 2339.35 2347.22 2350.54 ν3+ν18 2344.90 2352.98 2356.17 
ν4+ν17 b3u 2372.99 2389.55 2405.99 ν4+ν17 2373.12 2389.28 —— 
ν5+ν6 b2u 2628.49 2631.73 2634.77 ν5+ν10 —— —— —— 
ν7+ν17 b1u 2463.61 2473.01 2482.74 ν11+ν17 —— —— —— 
ν3+ν17 b1u 2777.44 2783.09 2787.74 ν3+ν17 —— —— ——  

a vibrational mode assignments from Ref. [23]. 

Table 2 
Infrared absorptions of B2D6 in as-deposited p-H2 solids at 1.8 K compared to B2D6 1:1000 in Ne at 4 K. Peak positions in cm−1.     

pH2    Ne  

mode Sym. 11B2D6 
11B10BD6 

10B2D6 modea 11B2D6 
11B10BD6 

10B2D6 

ν9 b2u —— —— —— ν13 —— —— —— 
ν7 b3g —— 719.31 —— ν11 —— 720.65 —— 
ν14 b1u 722.03 728.46 725.84 ν9 723.15 723.52 724.76 
ν18 b3u 871.78 874.23 877.72 ν18 873.79 876.25 879.75 
ν17 b3u 1194.42 1197.85 1201.05 ν17 1195.00 1198.44 1201.65 
ν13 b1u 1476.54 1482.63 1488.19 ν8 1475.25 1481.41 1486.90 
ν16 b3u 1843.35 1847.71 1854.76 ν16 1846.52 1850.74 1857.96 
ν1 ag —— 1874.36 —— ν1 1848.97 1852.73 1860.37 
ν11 b1g —— 1965.69 —— ν9 —— 1968.84 —— 
ν8 b2u 1973.54 1987.67 1994.15 ν12 1977.20 1990.91 1997.66 
ν5+ν15 b3u 1318.10 1318.10 1318.10 ν5+ν15 1321.32 1323.08 —— 
ν9+ν15 b1u 1396.43 1399.78 1403.30 ν13+ν15 1396.94 1400.40 1404.02 
ν3+ν18 b3u 1768.09 1779.77 1789.91 ν3+ν18 1770.91 1782.51 1792.50 
2ν3 ag —— 1822.59 —— 2ν3 —— —— —— 
ν12+ν17 b2u 1927.29 1937.06 1944.14 ν4+ν17 —— —— ——  

a vibrational mode assignments from Ref. [23]. 
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anomalous boron isotopic shifts and the VCI calculations reproduce this 
anomaly (see Fig. 3). Specifically, the ν14 peak frequency for 10B2D6 is at 
lower wavenumbers than 10B11BD6. This is due to a weak anharmonic 
coupling between the ν14 (b2) and ν7 (b2) modes of the unsymmetrical 
species 10B11BD6 that is symmetry forbidden for the symmetric species 
11B2D6 and 10B2D6, i.e., ν14 (b1u) and ν7 (b2g). In support for this finding, 
we observe the IR-inactive ν7 fundamental of 10B11BD6 at 719.31 cm−1 

because this mode steals intensity from the nearby ν14 mode (see the ν7 
peak in Fig. 3). This mixing pushes the ν14 state higher in energy and the 
ν7 state lower in energy just for the 11B10BD6 isotopologue, and this is 
the cause of the anomalous boron isotopic splitting pattern for the ν14 
fundamental. Thus, anharmonic perturbations in the vibrational spec
trum of B2D6 can be comparable in magnitude to the boron isotopic 
shifts in the various fundamental vibrations, and in several cases 
anharmonic coupling present in the 10B11BD6 isotopologue that is absent 
in the centrosymmetric isotopologues results in these anomalies. At a 
finer level of detail there are matrix site splitting’s apparaent in some of 
the fundamental spectra of B2H6 and B2D6, and we examine site split
ting’s in more detail in the next section. 

3.2. Annealing B2H6/pH2 samples 

One of the advantages that solid pH2 offers over noble gas matrices is 
that the large amount zero-point energy present in the quantum crystal 
makes it easier to anneal and prepare homogeneous crystal structures 
with large grain sizes. Like noble gas crystals, rapid vapor deposited 
solid pH2 contains both fcc and hcp crystal domains that differ by small 
amounts of energy, such that both crystal structures are typically present 
in chemically doped as-deposited pH2 samples. However, raising the 
temperature to ~ 3.5 K after deposition rapidly converts (~30 min) the 
higher energy fcc crystal structure to the lower energy hcp form which 
can be quantified by monitoring the U0(0) or U1(0) transitions of solid 
pH2 as discussed in Section 2. Thus, the first time the temperature of a 

RVD sample is raised above ~ 3.5 K the sample starts to irreversibly 
convert the mixed fcc/hcp crystal structure to pure hcp. This annealing 
process also likely removes crystal defects but much less is known about 
defects in solid pH2 because of the lack of applicable structural tech
niques. Once the sample has been annealed, temperature cycling the 
sample can be used to look for reversible changes in the spectra with 
temperature. These changes in the spectra of annealed samples usually 
consist of shifts in the populations of different matrix sites. 

We illustrate these types of population changes after annealing using 
the ν16 and ν8 spectra of B2H6 in solid pH2 shown in Fig. 4. Trace (a) in 
Fig. 4 shows the ν16 and ν8 spectra for an as-deposited pH2 sample that 
were used to determine the vibrational frequencies of the different B2H6 
isotopologues. We see that ν16 shows fine structure while the ν8 peaks do 
not. We interpret this as follows: the ν16 lineshape is much narrower 
than ν8 and thus it is easier to detect matrix site splitting’s using this 
mode. As seen in Fig. 4, the effects of annealing on the ν16 absorption 
features are shown by comparing trace (a) with (c), where it is observed 
that the intensity of each isotopologue shifts from a lower frequency 
peak to a higher frequency peak. In the as-deposited sample the domi
nant 11B2H6 ν16 peak is observed at 2516.98 cm−1 while in the low 
temperature annealed sample, the most prominent peak is at 2517.59 
cm−1. This indicates that the matrix site splitting’s are on the order of 
0.61 cm−1 for ν16 and that the population of different matrix sites change 
considerably upon annealing the as-deposited crystal. 

There are both reversible and irreversible changes in the B2H6/pH2 
spectra with temperature cycling after annealing. As shown in Fig. 4, 
after the sample is annealed, temperature cycling between low and high 
temperatures produces reversible changes in the ν16 and ν8 spectra. 
There also is some irreversible growth in small absorptions to the red of 
the major ν16 features, but otherwise the changes are fully reversible. 
After the sample is annealed, the intensity shifts between four ν16 

11B2H6 
features as follows; at high temperatures two peaks at lower wave
numbers (2516.98 cm−1 and 2517.37 cm−1) grow in intensity and the 

Fig. 2. Comparison of the six B2H6/pH2 fundamental absorptions observed (expt.) in this study with the corresponding calculated (theory) spectra. The tick lines 
indicate the specific boron isotopologue assignment with i, ii, and iii designating 11B2H6, 10B11BH6, and 10B2H6, respectively, where the labels shown in the n14 
spectrum apply to all as indicated by the varying length of the tick lines. Spectra are simulated using the experimental B2H6 concentration and sample thickness, and 
a Lorentzian lineshape with the FWHM determined from the observed spectra. The asterisk in the ν18 spectrum designates the U0(0) pure rotational (J = 4 ← 0) 
transition of solid pH2 and is not a B2H6 absorption. 
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high frequency peaks (2517.13 cm−1 and 2517.59 cm−1) decrease in 
intensity and almost disappear (see Fig. 4 (b) or (d)). At low tempera
ture, the doublet at lower wavenumbers decreases in intensity and the 
higher wavenumber pair increase in intensity. These intensity changes 
are best observed using the 11B2H6 ν16 peaks but are also evident for the 
11B10BH6 isotopologue peaks. To better visualize the intensity changes 
produced with temperature cycling, we show a blow-up view of just the 

Table 3 
VCI calculated anharmonic vibrational wavenumbers (cm−1) and intensities 
(km/mol) for the three 11/10B isotopologues of B2H6.  

mode (sym.) description 11B2H6 
10B11BH6 

10B2H6 

ν1 (ag) t-BH2 sym. str. 2528.07 
(0.00) 

2528.60 
(7.22) 

2534.57 
(0.00) 

ν2 (ag) b-BH ring 
breathing 

2112.19 
(0.00) 

2109.22 
(0.00) 

2110.31 
(0.00) 

ν3 (ag) t-BH2 scis. 1179.36 
(0.00) 

1182.59 
(4.09) 

1185.01 
(0.00) 

ν4 (ag) B-B stretch 787.43 
(0.00) 

801.34 
(0.03) 

815.64 
(0.00) 

ν5 (au) t-BH2 twist 828.81 
(0.00) 

828.40 
(0.00) 

828.39 
(0.00) 

ν6 (b2g) b-BH ring 
stretch 

1791.71 
(0.00) 

1793.43 
(0.00) 

1796.51 
(0.00) 

ν7 (b2g) t-BH2 wag 868.71 
(0.00) 

865.10 
(0.03) 

876.51 
(0.00) 

ν8 (b2u) t-BH2 anti-sym. 
str. 

2606.49 
(159.88) 

2613.64 
(129.28) 

2619.86 
(149.49) 

ν9 (b2u) t-BH2 in-phase 
rock 

938.69 
(0.84) 

941.05 
(0.79) 

942.73 
(0.82) 

ν10 (b2u) ring pucker 369.35 
(14.82) 

367.51 
(14.78) 

367.77 
(14.79) 

ν11 (b1g) t-BH2 anti-sym. 
str. 

2593.89 
(0.00) 

2594.57 
(26.68) 

2607.95 
(0.00) 

ν12 (b1g) t-BH2 out-of- 
phase wag 

918.70 
(0.00) 

919.82 
(0.05) 

931.27 
(0.00) 

ν13 (b1u) b-BH ring str. 1877.70 
(9.61) 

1880.59 
(9.70) 

1884.66 
(9.89) 

ν14 (b1u) t-BH2 in-phase 
wag 

972.30 
(21.38) 

973.24 
(21.09) 

976.23 
(21.37) 

ν15 (b3g) torsion (t-BH2 

/ b-BH2) 
1017.43 
(0.00) 

1017.08 
(0.00) 

1016.95 
(0.00) 

ν16 (b3u) t-BH2 sym. str. 2516.97 
(124.41) 

2517.50 
(119.63) 

2521.51 
(128.71) 

ν17 (b3u) b-BH2 ring 
deform. 

1603.94 
(414.41) 

1605.59 
(417.28) 

1607.95 
(421.58) 

ν18 (b3u) t-BH anti-sym. 
deform. 

1168.56 
(78.01) 

1170.25 
(71.81) 

1174.41 
(75.41) 

ν10+ν12 (b3u) Comb. band 1278.34 
(1.77) 

1280.24 
(1.75) 

1289.90 
(1.66) 

ν10+ν15 (b1u) Comb. band 1375.07 
(1.40) 

1373.50 
(1.41) 

1373.79 
(1.44) 

ν5+ν7 (b3u) Comb. band 1690.95 
(0.43) 

1688.12 
(0.45) 

1699.09 
(0.47) 

ν7+ν14 (b3u) Comb. band 1833.28 
(3.00) 

1831.73 
(3.60) 

1861.59 
(15.78) 

ν5+ν15 (b3u) Comb. band 1856.38 
(13.21) 

1855.28 
(12.82) 

1839.87 
(0.25) 

ν9+ν12 (b3u) Comb. band 1858.79 
(0.00) 

1861.75 
(0.52) 

1876.21 
(1.39) 

ν9+ν15 (b1u) Comb. Band 
(FR ν13) 

1994.56 
(2.51) 

1997.09 
(2.70) 

2000.97 
(2.96) 

ν3+ν14 (b1u) Comb. band 2152.16 
(0.09) 

2156.45 
(0.08) 

2161.68 
(0.09) 

2ν18 (ag) Overtone 2330.27 
(0.00) 

2334.04 
(1.90) 

2342.50 
(0.00) 

ν3+ν18 (b3u) Comb. band 2336.34 
(7.39) 

2344.13 
(5.69) 

2347.06 
(8.72) 

ν4+ν17 (b1u) Comb. band 2378.99 
(1.43) 

2394.94 
(1.72) 

2411.87 
(2.14) 

ν5+ν6 (b2u) Comb. band 2629.04 
(10.30) 

2630.81 
(15.93) 

2634.64 
(27.83) 

ν7+ν13 (b3u) Comb. band 2735.84 
(1.95) 

2735.96 
(2.08) 

2750.83 
(1.94) 

ν6+ν14 (b3u) Comb. band 2761.61 
(0.59) 

2764.57 
(0.57) 

2770.51 
(0.60) 

ν3+ν17 (b3u) Comb. band 2784.37 
(1.51) 

2789.21 
(0.72) 

2794.03 
(1.75) 

ν1+ν10 (b2u) Comb. band —— 2896.72 
(0.18) 

——  

Table 4 
VCI calculated anharmonic vibration wavenumbers (cm−1) and intensities (km/ 
mol) for the three 11/10B isotopologues of B2D6.  

mode (sym.) description 11B2D6 
10B11BD6 

10B2D6 

ν1 (ag) t-BD sym. str. 1863.51 
(0.00) 

1873.56 
(3.90) 

1882.91 
(0.00) 

ν2 (ag) b-BD ring 
breathing 

1514.86 
(0.00) 

1515.57 
(0.01) 

1516.12 
(0.00) 

ν3 (ag) t-BD sym. 
deformation 

908.60 
(0.00) 

918.73 
(0.14) 

928.08 
(0.00) 

ν4 (ag) B-B stretch 708.11 
(0.00) 

714.95 
(0.05) 

721.43 
(0.00) 

ν5 (au) torsion (t-BD2) 591.03 
(0.00) 

591.03 
(0.00) 

590.89 
(0.00) 

ν6 (b2g) b-BD anti-sym. 
stretch 

1271.33 
(0.00) 

1273.42 
(0.00) 

1275.29 
(0.00) 

ν7 (b2g) t-BD out-of- 
phase rock 

713.50 
(0.00) 

718.24 
(4.34) 

729.85 
(0.00) 

ν8 (b2u) t-BD anti-sym. 
stretch 

1974.43 
(91.37) 

1987.67 
(69.84) 

1995.18 
(92.88) 

ν9 (b2u) t-BD in-phase 
rock 

698.40 
(0.32) 

700.33 
(0.31) 

702.96 
(0.30) 

ν10 (b2u) ring pucker 260.43 
(7.51) 

260.28 
(7.50) 

260.33 
(7.50) 

ν11 (b1g) t-BD anti-sym. 
stretch 

1961.33 
(0.00) 

1965.77 
(17.65) 

1979.74 
(0.00) 

ν12 (b1g) t-BD out-of- 
phase wag 

737.63 
(0.00) 

743.58 
(0.00) 

750.69 
(0.00) 

ν13 (b1u) b-BD ring str. 1474.88 
(4.94) 

1480.81 
(5.14) 

1486.15 
(5.85) 

ν14 (b1u) t-BD in-phase 
wag 

721.12 
(11.46) 

726.48 
(7.41) 

725.84 
(11.46) 

ν15 (b3g) torsion (t-BD / 
b-BD) 

726.38 
(0.00) 

726.43 
(0.00) 

726.25 
(0.00) 

ν16 (b3u) t-BD symmetric 
stretch 

1842.29 
(82.40) 

1846.76 
(75.34) 

1853.79 
(75.75) 

ν17 (b3u) b-BD ring str. 1198.75 
(246.64) 

1202.22 
(248.69) 

1205.43 
(251.05) 

ν18 (b3u) t-BD anti-sym. 
deform. 

871.30 
(26.50) 

873.70 
(25.17) 

877.25 
(24.30) 

ν10+ν15 (b1u) Comb. band 982.89 
(0.60) 

983.01 
(0.61) 

982.98 
(0.62) 

ν10+ν12 (b3u) Comb. band 993.42 
(0.37) 

999.72 
(0.36) 

1006.34 
(0.35) 

ν5+ν7 (b2u) Comb. band 1302.37 
(0.21) 

1307.40 
(0.13) 

1318.60 
(0.21) 

ν5+ν15 (b3u) Comb. band 1319.91 
(4.26) 

1320.12 
(4.69) 

1319.82 
(4.97) 

ν9+ν15 (b1u) Comb. band 
(FR ν13) 

1398.44 
(4.39) 

1402.22 
(4.23) 

1405.96 
(4.11) 

ν7+ν14 (b3u) Comb. band 1434.09 
(6.21) 

1441.59 
(0.07) 

1454.68 
(7.78) 

ν9+ν12 (b3u) Comb. band 1437.58 
(0.63) 

1445.32 
(2.43) 

1454.86 
(5.65) 

ν3+ν18 (b3u) Comb. band 
(FR ν16) 

1766.56 
(18.32) 

1778.12 
(22.47) 

1788.25 
(27.41) 

2ν3 (a1) Overtone (FR 
ν1) 

1805.09 
(0.00) 

1820.90 
(0.78) 

1834.73 
(0.00) 

ν12+ν17 (b2u) Comb. band 1931.29 
(4.73) 

1940.25 
(5.33) 

1950.27 
(5.50) 

ν3+ν17 (b3u) Comb. band 2103.21 
(0.73) 

2116.20 
(0.58) 

2128.62 
(1.02) 

ν4+ν13 (b3u) Comb. band 2180.32 
(0.16) 

2193.42 
(0.15) 

2205.16 
(0.17) 

ν2+ν17 (b3u) Comb. band 2696.86 
(6.93) 

2699.87 
(6.90) 

2705.06 
(7.72) 

ν1+ν18 (b3u) Comb. band 2729.42 
(0.04) 

2739.93 
(0.05) 

2747.55 
(0.01)  
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ν16 features for 11B2H6 in Figure S1 in the Supplementary Information. 
All four peaks of 11B2H6 are present in the spectrum of the as-deposited 
sample, and only the relative intensities of these four peaks change with 
temperature and the thermal history of the sample. This seems to suggest 
that there are at least two distinct matrix sites for B2H6 in solid pH2, and 
the constant peak frequencies argue for homogeneous matrix sites where 
local crystal imperfections are minimal. After the B2H6/pH2 crystal has 
been annealed, temperature changes result in population transfers be
tween different matrix sites. The ν8 spectrum also reflects an ensemble 
average over the same matrix site populations, but the linewidths of the 
individual transitions are much broader such that the changes in the ν8 
lineshape with temperature are less evident. However, the ν8 peak be
comes significantly broader at 1.5 K compared to 4.0 K, and a secondary 
peak at ~ 2608.8 cm−1 grows in intensity at low temperatures (see peak 
marked with asterisk in Fig. 4). The ν16 spectra in Fig. 4 show that the 
populations of B2H6 in different matrix sites are significantly altered 
over the 1.5 to 4.0 K temperature range. We observe similar reversible 
spectral changes for B2D6/pH2 samples over the same temperature 
range. The origin of the broad lineshapes for ν13 and ν8 compared with 
the other B2H6 fundamentals is not known (homogeneous and inho
mogeneous broadening) but we have detected evidence that the fine 
structure is due to different alignments of B2H6 in the pH2 matrix. We 
plan to study this further and will report our findings in a future paper. 

3.3. Combination bands in B2H6 and B2D6 

As discussed by Duncan and co-workers, the region between 1800 
and 1900 cm−1 for B2H6 shows a complex set of absorptions that were 
first studied at modest resolution (0.3 cm−1) in both the gas and crys
talline phases [32]. Later Lafferty and co-workers studied this same re
gion for an isotopically enriched sample of 10B2H6 at room temperature 
with sub-Doppler resolution [63]. Both studies showed that surprisingly 
the strongest band in this region is the ν5+ν15 (b3u) combination band 

Fig. 3. Comparison of the six B2D6/pH2 fundamental absorptions observed (expt.) in this study with the corresponding calculated (theory) spectra. As in Fig. 2, the 
tick lines indicate the boron isotopologue assignment. Spectra are simulated using the experimental B2D6 concentration and sample thickness, and a Lorentzian 
lineshape with the FWHM determined from the observed spectra. Note that the spectrum of ν14 shows evidence of perturbations, the 10B2D6 peak is at lower 
wavenumbers than the 11B10BD6 peak. See text for further details. 

Fig. 4. Infrared spectra of a B2H6/pH2 sample in the region of ν16 and ν8 
showing the effects of annealing and temperature cycling. (a) As-deposited 
sample, recorded at 1.54(1) K, (b) annealed sample, recorded at 3.97(1) K, 
(c) annealed sample, recorded at 1.56(1) K, (d) annealed sample recorded at 
4.00(1) K, and (e) annealed sample recorded at 1.54(1) K. The frequency combs 
at the top show the boron isotopologue assignments for an as-deposited sample 
analogous to Fig. 2. The spectra have been offset and the ν8 spectral intensity 
has been increased (2x) to make comparisons. Note the growth of the peak at 
2608.8 cm−1 marked with an asterisk in the ν8 spectra recorded at low tem
perature for annealed samples. 
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and not the ν13 (b1u) fundamental (bridge BH stretch/ring deformation). 
Lafferty and co-workers [63] were able to obtain a precise set of 
experimental rovibrational energy levels for three vibrational states, the 
131 fundamental and two combination states, 51151 and 91151. How
ever, given all the possible interactions with dark states, they were not 
able to reproduce a fraction of the observed transitions (especially 
within the ν13 and ν5+ν15 bands) to within experimental uncertainty. 
Duncan comments that while it is firmly established that a strong two- 
state Fermi resonance interaction exists between the ν13 fundamental 
and ν9 + ν15 combination band, that an intense combination band at 
lower wavenumbers than the ν13 fundamental is an apparent b-type 
band (i.e., b2u) [32]. However, an earlier polarized single crystal study of 
11B2H6 reveals the presence of a c-type band in this region, assigned to 
ν13, and three a-type bands, but no type-b bands. We will see what the 
pH2 MIS reveals about the spectrum in this region. 

One of our reasons for studying diborane is to investigate how well 
the VCI calculations reproduce the combination band spectra and to use 
the simulated spectrum to assign bands that show significant perturba
tions. Shown in Fig. 5 is the spectrum of a B2H6/pH2 sample in the 1800 
to 2050 cm−1 region. The ν13 fundamental and ν9+ν15 combination band 
both show “normal” boron isotopic shifts, and the wavenumbers and 
intensities of both bands are well reproduced by the VCI calculations. 
Thus, the VCI calculations do exceptionally well in modeling the strong 
Fermi resonance (W = 54.7 cm−1) between the 131 and 91151 excited 
states, most likely because the two unperturbed states are separated by a 
relatively large energy difference (Δ0 = 22.5 cm−1) such that small 
matrix shifts in the unperturbed vibrational levels do not lead to sig
nificant differences in the coupling strengths [31]. In addition, the 
ν9+ν15 combination band is well isolated (see Fig. 5) and can only couple 
to vibrational states with b1u symmetry which is the v13 = 1 excited state. 
Thus, it appears that trapping B2H6 in a pH2 matrix does not significantly 
perturb the Fermi interaction between these two states. Note that the b- 
type Coriolis resonance between 51151 and 131, that is present in the gas 
phase spectra as identified by Lafferty [63], is not important in the MIS 
spectra because the molecule is non-rotating. 

The stronger intensity peaks near 1850 cm−1 in Fig. 5 appear at first 

to be the normal boron isotopic shift pattern for a relatively strong band, 
but with one additional lone peak to lower wavenumbers (~1833 
cm−1). However, in this region the computed IR spectrum only has peaks 
with non-negligible intensities associated with the ν5+ν15 (b3u), ν7+ν14 
(b3u), and ν9+ν12 (b3u) combination bands, and two of these combination 
bands (ν5+ν15 and ν7+ν14) show significant boron isotopic shift anom
alies (see Fig. 5). The features near 1850 cm−1 result from a Darling- 
Dennison resonance between the 71141 and 51151 excited states such 
that each state is strongly mixed. For example, for both 11B2H6 and 
11B10BH6 the lower energy combination state is 62.5 % – 65.9.2 % 
ν7+ν14 and 27.1 % – 24.6 % ν5+ν15, but for 10B2H6 these energy levels 
appear to flip with the lower combination state with 54.8 % ν5+ν15 and 
36.1 % ν7+ν17 and the upper combination state with 53.6 % ν7+ν14 and 
37.0 % ν5+ν15. As the percentages of the contributing configurations 
(Hartree products) to these two states are comparable, it is difficult to 
assign one combination band to ν5+ν15 and the other to ν7+ν14. This 
makes simulating the B2H6/pH2 spectrum in this region very difficult 
because this mixing can be strongly influenced by small shifts in the 
vibrational frequencies of B2H6 caused by interactions with the pH2 
matrix. We believe the reason for the discrepancy between the observed 
and calculated spectrum in this region is related to the fact that the VCI 
calculations are for the isolated B2H6 molecule, while the experimental 
data are for B2H6 trapped in solid pH2. Even though the matrix shifts in 
solid pH2 are small (<1%), small shifts in frequencies of vibrational 
modes that are in resonance with one another can result in substantial 
differences between the computed spectrum and the experimental pH2 
matrix isolation spectrum. 

We suspect this is the case for the features around 1850 cm−1. The 
ν9+ν12 combination band is calculated to have a somewhat “normal” 
boron isotopic splitting pattern; based on the VCI calculations the 91121 

excited state is not strongly coupled to the 51151 or 71141 states. 
However, when we examine the contributing configurations to the 
51151 and 71141 VCI states, the two states have very similar percentages, 
and the dominant configuration switches in going from 11B10BH6 to 
10B2H6. An energy level diagram from 1820 to 2020 cm−1 of the excited 
vibrational states in this region for all three isotopologues of B2H6 is 

Fig. 5. Infrared spectra of an as-deposited B2H6/pH2 sample in the 1800 to 2050 cm−1 region showing the ν13 fundamental with combination bands at lower and 
higher wavenumbers. There is a strong Fermi resonance between 131 and 91151. 
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shown in Figure S2 in the Supplementary Information. The wavenumber 
difference between these two coupled states (Δ) is approximately 23 
cm−1, while the energy difference between the ν13 and ν9+ν15 states 
involved in the strong Fermi resonance was 116 cm−1, thus the ν7+ν14 
and ν5+ν15 combination bands are much closer in energy and therefore 
more sensitive to small perturbations. While we make vibrational as
signments for ν13 and ν9+ν15 based upon the VCI calculations, we hes
itate to make vibrational assignments of the strong lines near 1850 cm−1 

simply because we cannot make a unique assignment. The computed 
spectrum gets the relative intensity values in this region qualitatively 
correct; it predicts the strongest band is the ν5+ν15 combination band, 
but the specific peak frequencies do not match the observed spectrum. 
Interestingly, even the high resolution (res = 0.0033 cm−1) gas phase 
work of Lafferty and co-workers were unable to assign the ν5+ν15 and ν13 
bands to within experimental precision, and they attribute this to in
teractions with a larger number of dark states for ν5+ν15 as compared to 
the ν9+ν15 combination band, and because they were not able to 
establish a satisfactory resonance scheme [63]. 

There are a variety of combination bands and 10B11BH6 fundamental 
transitions observed in the region near the ν8 fundamental. In Fig. 6 we 
show the region between 2540 and 2800 cm−1 for the most concentrated 
B2H6/pH2 sample (i.e., [B2H6] = 58(1) ppm) that shows several weak 
combination bands. At this concentration, the ν8 fundamental is off scale 
but the ν5+ν6 combination band is clearly observed. The computed 
spectrum predicts a Darling-Dennison coupling between ν5+ν6 (b2u) and 
2ν5+ν9 (b2u) that produces the observed features that are assigned to the 
ν5+ν6 combination band. The ν5+ν6 combination band has not been 
reported previously in the gas phase likely because it is so close to the 
strong ν8 fundamental. The computed spectrum also predicts that the ν11 
(b1) mode of 10B11BH6 is IR allowed and observed just below ν8. The 
weak intensity ν3+ν17 (b3u) combination band is well reproduced by the 
VCI calculations, and the computations reveal that this combination 
band is not involved with any strong resonances. However, both the 
ν7+ν13 (b3u) and ν6+ν14 (b3u) combination bands involve excited states 
that are resonantly coupled to three quanta excitations, 7191151 and 
5191141, respectively, and the predicted transitions do not quantita
tively agree with the observed spectra. This again is likely due to the 
extreme sensitivity that strongly resonating states display to small pH2 
matrix induced perturbations. The two peaks observed at ~ 2571 cm−1 

are not predicted by the VCI calculations which were limited to only 
calculating two quanta combination bands. But the vibrational analysis 
of the 5161 excited state showed a resonant coupling to the 5291 excited 
state, and we can estimate the frequency and intensity of this three 
quanta combination band from this analysis. The results are shown in 
Fig. 6 where we assign the small peaks near 2571 cm−1 to the 2ν5+ν9 
(b2u) combination band. This emphasizes that to accurately predict the 
IR spectrum of diborane one needs to go beyond the double harmonic 
approximation to explain all the features in the observed spectra, and 
that the VCI calculations can quantitatively predict the observed pH2 
matrix isolation spectra for most features. Additional comparisons of the 
experimental and VCI calculated spectra are shown in Figures S3 – S5 in 
the Supplementary Information for 2ν18, ν3+ν18, ν4+ν17, and ν7+ν17 for 
B2H6 and ν3 of 11B10BH6. 

Now let us explore further the level of agreement between the 
calculated and experimental spectrum for B2D6. Shown in Fig. 7 is the 
spectrum of a B2D6/pH2 sample in the region of the ν13 fundamental and 
ν9+ν15 combination band, which have been reported to be in a Fermi 
resonance [31,32]. Once again, the simulated spectrum reproduces the 
positions and intensities of both the ν13 and ν9+ν15 bands very well. The 
computed spectrum also reproduces the single overlapping feature 
observed for the ν5+ν15 (b3u) combination band at ~ 1320 cm−1 that 
shows almost no boron isotopic shifts (all three isotopologue peaks 
overlap). However, in the region between the assigned ν9+ν15 combi
nation band and ν13 fundamental, there are several absorption features 
that do not display the normal boron isotopic splitting pattern. There are 
multiple combination bands predicted in this region, ν7+ν14 (b3u), 
ν9+ν12 (b3u), ν4+ν14 (b1u), ν4+ν9 (b2u), ν14+ν15 (b2u) and three overtones 
of 11B10BD6, namely, 2ν15 (a1), 2ν14 (a1), and 2ν4 (a1). Two of the 
combination bands in this region, ν7+ν14 (b3u) and ν9+ν12 (b3u), carry 
most of the oscillator strength and the ν7+ν14 combination band is an 
interesting example of a two quanta excited state. For the 11B2D6 iso
topologue, the 71141 excited state is relatively unperturbed (leading 
term = 0.9520), however, the 71141 excited state for 11B10BD6 is only 
36.9 % ν7+ν14 and is coupled to 2ν15 (12.8 %) and 2ν7 (18.6 %). For 
10B2D6 the 71141 excited vibrational state is coupled to 91121 via a 
Darling-Dennison resonance. This makes the assignment of the features 
between ν13 and ν9+ν15 rather difficult and instead we just compare the 
experimental and calculated spectra in this region by labeling the major 

Fig. 6. Infrared spectra of an as-deposited B2H6/pH2 sample in the 2540 to 2800 cm−1 region showing the ν8 fundamental with several combination bands at higher 
wavenumbers. Also note the single peak due to ν11 of 10B11BH6 that is weakly infrared active. 
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peaks from the simulated spectrum. Like B2H6, it appears that the 
calculated infrared spectrum for B2D6 reproduces the pH2 MIS spectrum 
quantitatively except for certain regions where bands are extensively 
perturbed by Fermi and Darling-Dennison resonances. 

The region around the ν16 and ν8 fundamentals of B2D6/pH2 is 
another important region where the simulated spectrum does very well 
in reproducing the pH2 matrix isolation spectrum. Shown in Fig. 8 is the 

1750 to 2050 cm−1 region showing the ν16 and ν8 fundamentals of B2D6 
for a relatively high concentration sample ([B2D6] = 123(4) ppm). As 
discussed earlier, both the ν16 and ν8 fundamentals are well reproduced 
by the calculated spectrum. In this spectral region the ν1 (a1) and ν11 (b1) 
vibrational modes for the 10B11BD6 isotopologue are also observed. Note 
that the ν1 vibration of 10B11BD6 has been reported to be in a Fermi 
resonance with 2ν3 (a1) [32], and we detect a peak for 2ν3 at 1822.59 

Fig. 7. Infrared spectra of an as-deposited B2D6/pH2 sample in the 1300 to 1525 cm−1 region showing the ν13 fundamental along with several combination bands. 
Like B2H6/pH2, there is a strong Fermi resonance between 131 and 91151. 

Fig. 8. Infrared spectra of an as-deposited B2D6/pH2 sample in the 1750 to 2050 cm−1 region showing the ν16 and ν8 fundamentals along with several combination 
bands. There is a strong Fermi resonance between the 161 and 31181 vibrational states. Also note the single transitions due to ν1 and ν11 of 10B11BD6 that are weakly 
infrared active. 
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cm−1 very close to the calculated peak position (1820.90 cm−1), it is just 
not visible on the scale of Fig. 8. Finally, the ν3+ν18 (b3u) combination 
band is also observed in this region which has been previously assigned 
to a Fermi resonance with the ν16 mode of B2D6 [32]. The frequencies 
and intensities of the ν3+ν18 combination band are simulated well by the 
VCI calculations and investigation of the contributing configurations 
shows the Fermi resonance between ν3+ν18 and the ν16 fundamental. 
This Fermi resonance is most prominent in the 10B2D6 isotopologue as 
gauged by the steady increase in the intensity of the ν3+ν18 combination 
band from 18.32 km/mol for 11B2D6 to 27.41 km/mol for 10B2D6. These 
types of two state Fermi resonances are well reproduced by the VCI 
calculations and suggest that these perturbations are less effected by 
matrix shifts than close lying states coupled by multiple Darling- 
Dennison resonances. Additional comparisons of the experimental and 
VCI calculated spectra are shown in Figures S6 and S7 in the Supple
mentary Information for ν12+ν17 of B2D6 and 2ν3 of 11B10BD6. 

In summary, the VCI calculations quantitatively reproduce the six 
observed vibrational fundamentals and many of the combination bands 
for both B2H6 and B2D6, however, in some regions where multiple 
combination bands overlap with the same excited state vibration sym
metry, the VCI calculations do not reproduce the observed spectra 
quantitatively. We speculate that the cause of these discrepancies be
tween the pH2 matrix isolation spectra and the VCI calculations is the 
pH2 matrix induced shifts that are not accounted for in the VCI calcu
lations. When two states are strongly coupled via a Fermi resonance, it 
appears that matrix shifts in the vibrations caused by interactions with 
the pH2 matrix do not significantly perturb the spectra such that the VCI 
calculations reproduce the pH2 matrix isolation spectra. However, in 
spectral regions where two or more excited sates are coupled by Darling- 
Dennison resonances, and that are energetically close together, then 
small shifts in the vibrational frequencies induced by the pH2 matrix can 
produce big changes in the resonant coupling such that the matrix 
spectra are not well reproduced by the VCI calculations. 

4. Discussion 

4.1. Matrix shifts and mean absolute errors 

Jacox has shown that matrix shifts are smallest for neon matrices and 
increase with increasing atomic mass of the noble gas atom due to the 
increase in the van der Waals forces going down the periodic table 
[12,13]. Matrix shifts originate from the difference in the solvation 
energy for the molecule in the ground and v=1 excited vibrational 
states. For example, if the excited state has a greater solvation energy 
than the ground vibrational state, then the vibrational frequecny of the 
matrix isolated species is lowered relative to its gas phase value. Based 
solely on the precise noble gas and pH2 (isotropic) pair potentials, one 
would expect the pH2 matrix shifts to be comparable to a Ne matrix, and 
smaller than Ar matrix shifts. However, while the pair potentials for Ne 
and pH2 are very similar, the lattice constant (intermolecular/atomic 
distance) for the pH2 crystal (3.79 Å) is considerbaly larger than that of 
Ne (3.16 Å) due to quantum effects. It therefore is informative to 
compare the vibrational frequencies measured for 11B2H6 in pH2 with 
the analogous values measured for Ne and Ar matrices [23,64]. The 
measured matrix shifts for five infrared active vibrational modes of 
11B2H6 are presented in Table 5 and plotted in Fig. 9 as a bar chart (note: 
the ν13 peak position was not published for an Ar matrix). The measured 
peak wavenumbers used to calculate the matrix shifts reported in 
Table 5 are presented in Table S9 in the Supplementary Information. As 
can be seen in Fig. 9, the pH2 matrix shifts typically fall in between the 
Ne and Ar values with the Ar matrix producing the greatest red shifts, 
and the Ne matrix with the greatest blue shifts. This can be rationalized 
by thinking about the lattice size for a single substitution lattice site in 
the different matrices and the balance between attractive and repulsive 
intermolecular forces. The Ar lattice has a nearest neighbor spacing [65] 
of 3.76 Å and the deepest intermolecular potential (De = 99.5 cm−1 and 

Re = 3.76 Å) [66] of the three matrices and therefore in general, the Ar 
matrix produces the greatest redshifts in guest vibrations. In contrast, 
the Ne matrix has a smaller nearest neighbor spacing (3.16 Å) [65] and a 
smaller binding energy (De = 29.4 cm−1 and Re = 3.08 Å) [66] such that 
three of the five vibrational modes of 11B2H6 are blue shifted relative to 
the gas phase frequency. The pH2 matrix shifts usually fall in between 
the shifts measured for Ne and Ar; this is due to a combination of the 
large nearest neighbor spacing for solid pH2 and the weak intermolec
ular forces [41]. In quantum solids the guest species occupy a volume 
related to the amplitude of the zero-point motion, not the hard-sphere 
diameter. The quantum crystal can lower its total energy by expand
ing, reducing the kinetic energy of localization at the cost of reducing 
the potential energy contributions to the total energy. Note that the 
binding energy and equilibrium bond length (De = 25.7 cm−1 and Re =

3.28 Å) [41] of the pair potential for pH2 are comparable to the Ne 
values, but due to the lighter mass of H2 relative to Ne, the lattice 
spacing in the pH2 quantum crystal is 20 % larger than Ne. 

The ν17 mode shows the greatest matrix shifts of the five vibrations, 
which makes sense because this mode involves the bridged BH bonds 
that are highly anharmonic and this mode is the strongest intensity 
mode (e.g., ~400 km/mol), meaning that the transition dipole is the 
largest and thus this mode produces the greatest difference in the 
interaction of 11B2H6 (ν17 = 0) and (ν17 = 1) with the pH2 matrix host. 
Attractive interactions in the v17 = 1 excited state must dominate for this 
mode since in all three matrices this mode is redshifted from its gas 
phase value and the redshift increases from going from Ne to pH2 to Ar. 
Similarly, the ν18 mode (terminal BH antisymmetric deformation) dis
plays redshifts in all three matrices and the matrix shift in Ne is almost 
zero due presumably to greater repulsive interactions in Ne matrices. 
The two high frequency terminal BH bond vibrations (ν16 and ν8) both 
produce redshifts in pH2 and Ar, but are blue shifted in Ne. Finally, the 
ν14 vibration (terminal BH in-plane wag) displays blue shifts in Ne and 
Ar, but a small redshift in solid pH2. This again can be rationalized by the 
lack of strong repulsive intermolecular interactions in the “soft” quan
tum crystal composed of light pH2 molecules that are inflated by zero- 
point motion. 

To make quantitative comparisons of the pH2 matrix isolation 
spectra with accurate anharmonic vibrational calculations for the iso
lated molecule, we must account for these matrix shifts. We can treat the 
matrix shifts as errors in the isolated molecule’s vibrational frequencies 
and convert them to mean absolute errors (MAE) of the vibrational 
frequencies. For the five 11B2H6 vibrations presented in Table 5, the 
MAE equals 2.13, 3.29, and 5.02 cm−1 for Ne, pH2, and Ar matrices, 
respectively. Thus, the Ne matrix spectroscopic data have a smaller MAE 
than the pH2 matrix results for these specific vibrational modes. This 
again likely results from greater repulsive intermolecular interactions in 
Ne matrices that counter act the attractive interactions leading to 
smaller net changes, and thus in this respect, the Ne matrix results 
represent the smallest errors with respect to the gas phase results. 
Furthermore, the results in Ne show both redshifts and blue shifts, while 
typically in pH2 and Ar matrices, the vibrations of a guest species are 

Table 5 
Matrix shifts for five IR-active modes of 11B2H6 trapped in Ne, pH2, and Ar.  

Mode Ne shifta pH2 shift Ar shiftb VCIc 

ν14  1.85  −0.78  1.40  −0.60 
ν18  −0.09  −3.03  −4.29  −3.63 
ν17  −5.09  −6.02  −10.72  1.12 
ν16  2.12  −2.67  −2.85  −2.68 
ν8  1.77  −3.92  −5.85  −2.36 
AVG.  0.11  −3.28  −4.46  −1.63 
MAE  2.18  3.28  5.02  1.73 
MAX  −5.09  −6.02  −10.72  −3.63  

a Ref. [23]. 
b Ref. [64]. 
c Matrix shifts calculated as Δν = νVCI – νgas. 
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redshifted leading to systematic deviations from the gas phase values. 
Nonetheless, all three matrices produce reasonably small MAEs (2–5 
cm−1) that are approaching spectroscopic accuracy (<1 cm−1) sug
gesting that Ne and pH2 matrix isolation, and even Ar matrix isolation, 
can be used to test the accuracy of anharmonic vibrational calculations 
on high quality PESs. 

To further quantify how pH2 matrix isolation spectroscopic results 
compare to highly accurate anharmonic vibrational calculations, we 
first must assess how the current anharmonic calculations reproduce the 
five vibrations with the available high-resolution gas phase results. For 
the five vibrations presented in Table 5, the MAE is 1.73 cm−1 for a 
comparison of the current VCI calculations with available high resolu
tion gas phase data (Δν = νtheory – νgas). Thus, while this just falls short of 
so-called spectroscopic accuracy, it is remarkably good for an eight atom 
species with highly anharmonic three-center two-electron banana 
bonds. Furthermore, this level of accuracy is comparable with the matrix 
shift errors presented above, and thus MIS can be used to test anhar
monic vibrational calculations at nearly spectroscopic accuracy. The 
matrix shifts produced in Ne and pH2 matrices are comparable to the 
level of agreement between the anharmonic vibrational calculations and 
the gas phase vibrational origins. As demonstrated in this study, it is 
much easier to measure the vibrational frequencies using MIS than room 
temperature gas phase measurements where rovibrational bands over
lap extensively and the full rovibrational spectrum must be analyzed to 
get the band origin. Even the Ar matrix results with a MAE of 5.02 cm−1 

can be used to test anharmonic vibrational calculations, although both 
pH2 and Ne are slightly better for this task. In terms of differences be
tween Ne and pH2 matrix isolation results, the Ne matrices produce 
smaller MAEs, but the challenge is to assign spectra with significant 
matrix splitting’s. That is, the IR spectra of B2H6 dispersed in Ne 
matrices typically shows more matrix site effects than pH2 matrices, for 
example the three peak boron isotopic splitting pattern is frequently 
doubled or tripled by so-called matrix site splitting’s in the Ne matrix 
isolation spectra [23]. Further, typically these multiple matrix sites 
cannot be annealed away easily in the Ne matrices. While as we have 
shown pH2 matrices are not immune to matrix site splitting’s, the site 
splitting’s in pH2 are usually smaller than in Ne matrices, and thus their 
importance is diminished. 

We now compare the fundamental frequencies predicted by the 
anharmonic vibrational calculations with the pH2 matrix isolation 

spectroscopic data to evaluate how well theory reproduces experiment. 
For each isotopologue we calculate the MAEs using the six pH2 matrix 
isolation fundamental frequencies measured in this study, with three 
additional peaks (ν1, ν3, and ν11) for 10B11BH6. Based upon the current 
studies of B2H6 isolated in solid pH2, we can achieve MAEs of 1.70, 2.41, 
and 1.88 cm−1 for 11B2H6, 10B11BH6, and 10B2H6, respectively, using the 
six fundamental vibrations measured for each isotopologue. Such small 
MAEs are the direct result of the accuracy of the anharmonic vibrational 
calculations and the fact that the pH2 matrix isolation frequencies are 
comparable to the gas phase frequencies at this level of scrutiny (small 
matrix shifts). This confirms that pH2 matrix isolation spectroscopy can 
be used to validate or test anharmonic vibrational calculations and only 
if accuracies greater than 5 cm−1 are required should gas phase results 
be needed. The B2D6 spectroscopic results are analogous with MAEs of 
1.55, 1.29, and 1.48 cm−1 for the 11B2D6, 10B11BD6, and 10B2D6, 
respectively, where these values are even slightly lower due to the 
reduction in the vibrational frequencies for the heavier isotopologue. 
Note that nine fundamental frequencies were compared for 11B10BD6 
while only six for 11B2D6 and 10B2D6, analogous to B2H6. 

As expected, the MAEs for the two-quanta combination bands and 
overtones are larger due presumably to the greater uncertainties in the 
calculated values. The MAEs for six (seven for 11B10BH6) combination 
bands and overtones measured for B2H6 are 4.91, 3.28, and 3.62 cm−1 

for 11B2H6, 10B11BH6, and 10B2H6, respectively. Thus, it appears that the 
errors approximately double for the combination bands that necessarily 
include contributions from two vibrational modes. These MAEs do not 
include the combination bands where a unique assignment is not 
possible, thus the errors increase even more for some combination bands 
that access strongly resonating vibrational states. A similar increase in 
the MAEs for combination bands compared to fundamentals is observed 
for B2D6, specifically, 2.34, 2.20, and 3.04 cm−1 for 11B2D6, 10B11BD6, 
and 10B2D6, respectively, based on four combination bands for 11B2D6 
and 10B2D6 and five states (one extra 2ν3 overtone) for 11B10BD6. 

4.2. Probing anharmonic resonance polyads with matrix isolation IR 
spectra 

As discussed earlier, trapping a molecule in a pH2 matrix necessarily 
produces relatively small shifts in the vibrational fundamentals of a 
trapped species such that typically an experimental pH2 matrix isolation 

Fig. 9. Comparison of the experimental matrix shifts for five IR-active fundamental vibrational modes of 11B2H6 isolated in Ne, pH2, and Ar matrices.  
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spectrum of a guest molecule can be assigned within the double har
monic approximation using harmonic vibrational frequencies with 
scaling factors and harmonic intensities. However, in the case of mole
cules such as diborane that have multiple Fermi and Darling-Dennison 
anharmonic resonances, there can be additional infrared absorptions 
that cannot be rationalized using the double harmonic approximation, 
and instead a fully anharmonic vibrational analysis must be performed. 
Even then in some spectral regions where there are anharmonic reso
nance polyads, small matrix shifts (<10 cm−1) in the vibrational fre
quencies can lead to significant changes in the relative intensities and 
positions of bands in the matrix isolation spectrum. In these spectral 
regions in which anharmonic resonance polyads are expected to be 
important, for example the region between 1800 and 1900 cm−1 in B2H6 
and 1400 to 1500 cm−1 in B2D6, we expect that the matrix isolation 
spectrum to have different frequencies and intensities than the gas phase 
spectrum, because these regions are uniquely sensitive to matrix shifts. 
Furthermore, the three isotopologues of diborane (B2H6 or B2D6) expe
rience different anharmonic couplings such that in these regions you 
lose the three peak normal boron isotopic splitting pattern with the 
11B2H6 features at lowest wavenumbers with the greatest intensity and 
the 10B2H6 features at the highest wavenumbers with the lowest in
tensity. It then becomes very difficult to make one-to-one assignments. 

Our comparison of the VCI calculated infrared spectrum with the pH2 
matrix isolation spectra showed that these computational methods that 
intrinsically treat the Fermi and Darling-Dennison resonances can 
reproduce the vibrational fundamentals, several combination bands, 
and many Fermi resonances within the spectrum. The exception is in 
regions where multiple vibrational states are coupled by anharmonic 
resonances. As we have stated, we believe the disagreement in these 
localized spectral regions is due to matrix perturbations which can have 
large effects on these types of anharmonic resonance polyads because 
even small shifts on the order of 5–10 cm−1 can manifest in bright/dark 
states being tuned into or out of resonance. What is still unproven is 
whether the discrepancy between the calculated and experimental 
spectra in these regions would go away if we could record the MIS 
spectrum in a matrix that produced no matrix shifts. In other words, we 
assume that the discrepancy is caused by the fact that the calculated 
spectrum is for the isolated gas phase molecule, whereas the experi
mental spectrum was recorded with diborane trapped in solid pH2. 

Obviously, there is no matrix host that produces zero matrix shifts, 
but trapping a guest species in solid neon or liquid helium nanodroplets 
are both known to produce very small matrix shifts. We have discussed 
MIS using neon as a host, but another possibility is to trap a molecule in a 
liquid helium nanodroplet. In fact, Pullen et al. published a paper in 
2018 on the infrared spectroscopy of propene (CH3CHCH2) isolated in 
both solid pH2 and in helium nanodroplets (HENDI) [67]. This paper 
also focused on the role of matrix shifts in the analysis of anharmonic 
resonances. In this work they investigate the region between 2800 and 
3100 cm−1, in which six C–H stretch fundamentals and the overtone of 
the γ–CH3 antisymmetric bend have been assigned in the gas phase. 
However, upon cooling propene to less than 0.4 K in liquid helium 
nanodroplets, the spectrum contains 26 resolved vibrational bands 
emphasizing the importance of anharmonic resonances [67]. By 
comparing the HENDI spectra with the available gas phase measure
ments, they find the HENDI spectra have an average red shift of 1.7 ±
0.8 cm−1 and the pH2 MIS spectra have an average red shift of 4.4 ± 1.9 
cm−1. Thus, trapping a guest molecule in a liquid helium nanodroplet 
could better approximate the zero matrix shift environment needed to 
study anharmonic resonances in more detail. Like what we have found 
for diborane, only in certain regions, e.g., 2920–2950 cm−1, that involve 
heavily mixed modes do they find discrepancies between the gas phase 
and HENDI spectra. They showed that in general the HENDI and pH2 
MIS spectra are qualitatively similar, but in two localized regions the 
spectrum exhibits qualitatively different behavior depending upon the 
host environment. This is not surprising, and studying the response of 
Fermi resonances to changes in isotopic substitution, pressure 

variations, or different solvent environments are all established ways to 
probe anharmonic resonances [68]. They also used a simplified two- 
state interaction model to show that 10 cm−1 shifts in the unperturbed 
frequencies can lead to qualitative changes in the observed spectra. This 
is all consistent with what we have measured for diborane trapped in 
solid pH2, and it would be interesting to try to incorporate matrix shifts 
into the VCI calculations by trying to include intermolecular interactions 
with the surrounding pH2 matrix to test these ideas [69]. 

One of Duncan’s goals in his extensive spectroscopic investigations 
of diborane was to determine a physically realistic and numerically 
precise harmonic potential energy function for diborane [31]. Such a 
potential can be used to make predictions of the Coriolis coupling con
stants between fundamentals in the fully symmetric isotopologues, to 
predict the harmonic contributions to the vibration–rotation constants 
for all vibrations, and in the analysis of the Fermi resonances between 
ν13 and ν9+ν15 in all species, and between ν1 and 2ν3 and ν16 and ν3+ν18 
in B2D6. Duncan developed the diborane potential in 1983 well before 
the types of anharmonic vibrational calculations presented here for high 
quality ab initio potential functions were possible. Duncan therefore used 
the derived empirical potential to estimate the harmonic and anhar
monic contributions to each vibrational mode, so that they could 
perform a Fermi analysis to quantify the effects of these resonant per
turbations. Nowadays using the VCI calculations that explicitly treat the 
Fermi and Darling-Dennison anharmonic couplings, we avoid all the 
approximations Duncan necessarily had to employ to develop his 
empirical potential. The discrepancies with the earlier work of Duncan 
and coworkers are therefore related to the difficulty in determining the 
harmonic and anharmonic contributions to the fundamental vibrations 
of B2H6. 

Based on our infrared studies of B2H6 and B2D6 in solid pH2, along 
with the anharmonic vibrational calculations that allow the high- 
resolution spectrum to be simulated, we now feel confident that 
anharmonic vibrational calculations are capable of reproducing all the 
diborane fundamental vibrational frequencies and intensities to within 
experimental uncertainties (matrix shifts) and that the anharmonic 
vibrational frequencies in Tables 3 and 4 are more accurate than the 
current values presented in the NIST webbook [62]. By comparing the 
predictions for the six infrared active fundamentals with the pH2 data, 
we confirm that the simulated spectrum reproduces the observed fun
damentals to within 5 cm−1. We therefore speculate that the vibrational 
frequencies and intensities predicted here for B2H6 and B2D6 (including 
the non-centrosymmetric isotopologues) are the most accurate values 
reported to date. Indeed, the accuracy of these anharmonic vibrational 
calculations could be tested further by performing experiments on 
partially deuterated samples to see if the calculations predict the peak 
frequencies accurately for the most intense absorption features of 
B2D4H2, for example. 

5. Conclusions 

The infrared spectrum of B2H6 was instrumental in determining the 
bridge structure of diborane that involves two bridging and four ter
minal BH bonds. After this bridge structure was established, the 
fundamental vibrational modes of B2H6 and B2D6 were extensively 
studied both by spectroscopists and theoreticians as a prototype of 
electron-deficient molecules. It could be argued that the reason such 
large discrepancies between experiment and theory on the fundamental 
vibrational frequencies of diborane persisted for so long is directly 
related to the presence of the three-center, two-electron banana bonds. 
The early spectroscopic works suffered from poor spectral resolution 
which is necessary to fully resolve the rovibrational bands of B2H6 and 
B2D6 to determine precise ground state constants for the three naturally 
abundant diborane isotopologues. But even more importantly, a theo
retical description of the anharmonic vibrational dynamics would 
require advances in both electronic structure calculations of the PES of 
polyatomic systems as well as calculations of the nuclear dynamics on 
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those PESs. 
In this paper, we present pH2 matrix isolation infrared spectroscopic 

measurements of all three isotopologues of B2H6 and B2D6 to determine 
precise vibrational frequencies of six of the eight infrared active vibra
tional modes. In addition, we have the required sensitivity to detect 
several combination bands involving Fermi resonances with funda
mentals. We wanted to ask the question: how well do modern theoretical 
approaches reproduce the anharmonic vibration dynamics of B2H6? To 
do this, we needed new highly accurate anharmonic vibrational calcu
lations to be performed on all three naturally abundant isotopologues of 
both B2H6 and B2D6. As we show in this work, the VCI calculations 
reproduce the frequencies and intensities of the six infrared active fun
damentals of both B2H6 and B2D6 very well, producing isotopically 
averaged MAEs equal to 2.00 cm−1 and 1.44 cm−1 for B2H6 and B2D6, 
respectively. We find that several combination bands, either produced in 
two-state Fermi resonances or simply by anharmonic couplings, are also 
well reproduced except with slightly larger MAE values. However, in 
some regions of the spectrum where several excited vibrational states 
are grouped together in the same energy region and have the same 
vibrational symmetry, the computed spectrum can reproduce the 
experimental spectrum qualitatively but not quantitatively. In these 
cases, it is still unclear whether this is a limitation of the anharmonic 
vibrational calculations or rather due to perturbations induced by the 
pH2 matrix which alter the anharmonic couplings, but conventional 
wisdom is leaning toward the matrix induced perturbations as the cause 
based on the available spectroscopic data. Nonetheless, the agreement 
between the pH2 matrix isolation results and the VCI computed infrared 
spectrum (frequencies and intensities) is remarkably good and we 
believe that the calculated vibrational fundamentals for all six iso
topologues of diborane presented here represent the most accurate 
description of the vibrational dynamics of diborane published to date. 
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