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Spectroscopic investigation of a dihydrogen-bonded complex between phenol and triethylgermanium hydride
is reported here. Laser-induced fluorescence excitation, fluorescence-detected infrared, and IR-UV hole-
burning spectroscopic studies were carried out in supersonic jet to investigate the complex formation between
phenol and triethylgermanium hydride. The lowering of the O-H stretching frequency of the phenol moiety
in the complex with triethylgermanium hydride clearly establishes the role of phenol as hydrogen bond donor.
The experimental results together with the ab-initio calculations unambiguously confirm formation of an
O-H · · ·H-Ge dihydrogen-bonded complex between phenol and triethylgermanium hydride

Introduction

Dihydrogen bonding is an interaction analogous to hydrogen
bonding between two oppositely charged hydrogen atoms.1 The
formation of dihydrogen bonding is well-characterized in crystal
structures,2 in gas-phase clusters,3 and by theoretical means.4

The dihydrogen-bonded interaction brings two hydrogen atoms
together, which under some conditions can lead to dehydroge-
nation. It has now been shown, both experimentally and
theoretically, that dihydrogen bonding is a precursor to dehy-
drogenation reactions.5,6 Thus, dihydrogen bonding can be
envisaged as a medium to store molecular hydrogen. Boron and
other metal/nonmetal hydrides have been viewed as efficient
chemical hydrogen storage materials for their potential applica-
tion in hydrogen fuel cells.7 In this regard borane-amines in
general and borane-ammonia in particular have been investi-
gated extensively to understand their ability to release molecular
hydrogen.8 Several groups have investigated the dehydrogena-
tion of borane-ammonia using various methodologies, such as
thermal decomposition and acid-catalyzed reaction.9,10 It was
also shown, in many cases, that the dehydrogenation of borane-
ammonia proceeds via a dihydrogen-bonded intermediate.5–10

Apart from their role in hydrogen storage materials, dihydrogen
bonds, similar to conventional hydrogen bonds, can be used in
molecular recognition and crystal engineering. The crystal
structure of cyclotrigallazane [(GaH2NH2)3] reported by Camp-
bell et al. clearly demonstrates the potential of dihydrogen
bonding in crystal engineering.11

Mikami and co-workers have extensively worked on dihy-
drogen-bonded complexes involving borane-amines in the gas
phase.3 Dehydrogenation reaction was also reported from the
dihydrogen-bonded complex between phenol with borane-tri-
methylamine following its photoionization.5d More recently,
Ishikawa et al. have reported the formation of dihydrogen-
bonded complex between phenol and diethylmethylsilane.12 At
this stage, a natural extension would be investigate the formation
of dihydrogen-bonded complexes involving germanium hy-

drides. This exercise will allow us to compare the energetics of
dihydrogen bond formation involving various hydrides and to
evaluate their potential as hydrogen storage materials. This
provides impetus to investigate dihydrogen-bonded complexes
involving germanium hydrides. We report here electronic and
vibrational spectroscopic evidence for the formation of
O-H · · ·H-Ge dihydrogen-bonded complex between phenol
and triethylgermanium hydride in the gas phase.

Experiment

The details of the complete experimental setup can be found
elsewhere.13 Briefly, laser-induced fluorescence (LIF) excitation,
fluorescence-detected infrared (FDIR), and IR-UV hole-burning
spectra were recorded on a jet-cooled mixture of phenol (SRL
Chemicals) and triethylgermanium hydride (Aldrich). Helium
buffer gas was passed over the reagents kept separately at room
temperature and expanded supersonically through a 0.5 mm
diameter pulsed nozzle (Series 9, Iota One; General Valve
Corp.). In our experiments the UV laser was a frequency-
doubled output of a second harmonic Nd:YAG laser (Con-
tinuum, Surelite I-10) pumped dye laser (Radiant Dyes, Narrow
Scan G-R) operating with rhodamine-19 dye. Total florescence
was detected using a photomultiplier tube (PMT; Electron Tubes
Ltd., 9780SB + 1252-5F)/filter (WG305 + BG3) combination.
The tunable IR source was an idler output of a LiNbO3 optical
parametric oscillator (Euroscan Instruments, Custom LiNbO3-
OPO) pumped with an injection-seeded-single-mode Nd:YAG
laser (Quantel, Brilliant B). The IR OPO was calibrated by
recording the photoacoustic spectrum of ambient water vapor.
The typical bandwidth of both UV and IR lasers is about 1 cm-1,
and the absolute frequency calibration is within (2 cm-1.

Results and Discussion

The LIF excitation spectrum of phenol is shown in Figure
1A, and the transition at 35974 cm-1, marked with “p”, is its
band origin.14 Upon addition of triethylgermanium hydride
(TEGH), at least five new transitions, marked “a” though “e”,
appear in the LIF excitation spectrum, which is shown in Figure
1B. This spectrum is very similar to the one observed in the
case of the dihydrogen-bonded complex of phenol with dieth-
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ylmethylsilane.12 The shifts in the electronic transitions were
-10, +3, +8, +14, and +22 cm-1 relative to phenol band origin
and most likely are due to conformational isomers of the
complex. Though the bands b, c, and e are very low intensity
and are barely above the noise level, these bands consistently
appear in the presence of TEGH and stand out in the IR-UV
hole-burning spectroscopy; vide infra. Though the shifts in the
electronic transitions are marginal, these shifts do not necessarily
indicate the strength of hydrogen/dihydrogen bonding present
in the present complexes. However, in the present scenario, they
provide evidence for the formation of binary clusters and also
provide discrete bands to selectively record the vibrational
spectra in the O-H stretching region.

Vibrational spectroscopy in the hydride (X-H, where X )
O, N, C) stretching region is a convenient tool to investigate
the formation of hydrogen bonding. This is due to the fact that
these stretching frequencies are very sensitive to hydrogen-
bonded structures, as they are directly involved in hydrogen
bond formation and show a characteristic shift to a lower
frequency.15 FDIR spectra were recorded in order to understand
the nature of the interaction of TEGH with phenol, which are
depicted in Figure 2. Trace A shows the FDIR spectrum of bare
phenol in the O-H stretching region, which shows a lone
transition at 3657 cm-1.16 The observed structure in the O-H
stretching vibration is due to modulation of the IR power as a
result of ambient water vapor absorption. Trace B depicts the
FDIR spectrum of the phenol-TEGH complex probed at the
transition marked “a” in the LIF excitation spectrum (Figure 1B).
A lone transition in this spectrum at 3633 cm-1 can be assigned
to the O-H stretching frequency of the complex, which is
shifted to a lower frequency by 24 cm-1, relative to bare phenol.
Since the O-H stretching frequency of the complex is shifted
by 24 cm-1 to a lower frequency, this spectrum clearly indicates
that the OH group of phenol is hydrogen-bonded to the TEGH
moiety. This however does not indicate which part of TEGH is
interacting with phenol. Traces C and D in Figure 2 were
recorded by probing the transitions marked “b” and “c”,
respectively, in the LIF excitation spectrum. Even these spectra
show that the O-H stretching frequency is positioned around
3633 cm-1. The shift in the O-H stretching frequency in the
present phenol-TEGH complex is comparable to that of the

dihydrogen-bonded phenol-diethylmethylsilane complex (∼25
cm-1)12 but far lower than the dihydrogen-bonded phenol-borane
trimethylamine complex (143 cm-1).3b This straightforwardly
indicates that the strength of dihydrogen-bonded complexes of
borane-amines is far greater than those of the corresponding
silanes and germanes.

As stated earlier, a large number of transitions appeared in
the LIF excitation spectrum of phenol-TEGH (Figure 1B).
IR-UV hole-burning spectroscopy was carried out to verify
the origin and the nature of the new transitions appearing in
the LIF excitation spectrum, and the results are presented in
Figure 3. Trace A is an UV-only spectrum in the absence of IR
laser and is almost identical to the LIF excitation spectrum
shown in Figure 1B. Trace B was recorded by pumping the
O-H vibrational transition of the phenol-TEGH complex at
3633 cm-1 with an IR laser, prior to the UV excitation, i.e. the

Figure 1. LIF excitation spectrum of (A) phenol and (B) phenol in
the presence of TEGH. Transitions marked with the lowercase alphabet
appeared in the presence of TEGH.

Figure 2. FDIR spectra of (A) phenol, (B) phenol-TEGH probed at
“a”, (C) phenol-TEGH probed at “b”, and (D) phenol-TEGH probed
at “c”.

Figure 3. (A) LIF excitation spectrum with IR off and (B) LIF
excitation spectrum with the IR laser frequency fixed to the O-H
stretching vibration of phenol-TEGH complex (IR-UV hole-burnt
spectrum). (C) The LIF excitation spectrum of phenol-TEGH complex
obtained by subtracting B from A. The arrows point to the bands with
reduced intensities in the hole-burnt spectrum.
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IR-UV hole-burnt spectrum. The hole-burnt spectrum reveals
that all five newly appearing transitions in the vicinity of the
phenol band origin have diminished intensities. Trace C is the
LIF excitation spectrum of the phenol-TEGH system, which
was obtained by subtracting trace B from trace A. This implies
that the O-H stretching frequency of all five newly appeared
transitions is at 3633 cm-1. The results of IR-UV hole-burning
spectroscopy can be interpreted in two ways. First, all of the
transitions appearing in the LIF excitation spectrum are vibronic
bands of a single isomer. Second, the transitions might originate
from two different structural isomers; however, their interaction
strength is almost identical such that the shift in the O-H
stretching frequency of phenol moiety lies within the bandwidth
of 1 cm-1 of the IR laser.

To supplement the experimental observation, we carried out
quantum chemical calculations using the GAUSSIAN-0317 and
GAMESS18 suit of programs. TEGH (triethylgermanium hy-
dride), as the name suggests, has three ethyl groups bound to
the germanium atom. Each ethyl group can in principle have
three possible conformations, trans (t), gauche1 (g1), and gauche2

(g2). These conformations arise due to different orientations of
the terminal carbon atom with respect to the hydrogen atom
attached to the germanium atom. The trans configuration has
the dihedral angle of 180°, while gauche1 and gauche2 have
dihedral angles of +60 and -60°, respectively. The three ethyl
groups on TEGH lead to a total of 27 possible configurations.
However, for single-ethyl groups the two gauche configurations
g1 and g2 are isoenergetic; therefore, in the case of TEGH only
seven sets of independent configurations arise, which are listed
in Table 1. The entries in each set are conformational enanti-
omers; for example, the conformers [g1-g1-g1] and [g2-g2-g2]
are isoenergetic but are non-superimposable. Table 1 also lists
their relative heats of formation calculated at the B3LYP/6-
311++G(d,p) level. The all-gauche conformers [g1-g1-g1] and
[g2-g2-g2] have the lowest heat of formation, while the all-trans
conformer of [t-t-t] has the highest. Table 1 also lists the relative
populations for each set of conformers (scaled with the
degeneracy of the set) at 298 K. The relative populations of the
[t-t-t] and [t-g2-g1] sets of conformers are very low, 5% or less,
and can perhaps be neglected. Therefore the observed transitions
in the LIF excitation spectrum of phenol-TEGH should arise
out of the remaining five sets of conformations of TEGH.

To determine the intermolecular structure of phenol-TEGH
complexes, the geometries of the monomers and the complexes
were optimized without any constraints at the MP2/cc-PVDZ
level of theory for the five most abundant TEGH isomers.19

The nature of the stationary point obtained on the potential
energy surface (PES) was confirmed by calculating the vibra-
tional frequencies at the same level of theory. The calculated
vibrational frequencies were scaled by a factor of 0.954 to

correct for the basis set truncation, partial neglect of the electron
correlation, and harmonic approximation and then compared
with the experimentally observed values. The stabilization
energies were corrected for the zero point energy (ZPE) and
the basis set superposition error (BSSE) using counterpoise
method. According to Kim et al., 100% of BSSE correction
often underestimates the interaction energy and 50% correction
is a good empirical approximation.20 Therefore, we report the
stabilization energies with 50% BSSE correction. Figure 4 shows
the structures of the five phenol-TEGH complexes, and Table
2 lists the binding energies, the intermolecular H · · ·H distance
along with the O-H stretching frequencies, and the shifts in
the phenol-TEGH complexes. In all cases the two oppositely
changed hydrogen atoms are in the proximity with the H · · ·H
interaction distance around 2.4 Å (twice the van der Waals
radius of hydrogen atom) or less, therefore qualifying as
dihydrogen-bonded complexes.1 The binding energies are in the

TABLE 1: Relative Heats of Formation and Their
Population of Various Conformers of TEGH Calculated at
the B3LYP/6-311++G(d,p) Level at 298 K

conformers ∆H°/(kJ mol-1) population

[t-t-t] 9.0 0.00
[t-t-g1] [g1-t-t [t-g1-t] [t-t-g2]

[g2-t-t] [t-g2-t]
3.6 0.10

[t-g1-g1] [g1-t-g1] [g1-g1-t] [t-g2-g2]
[g2-t-g2] [g2-g2-t]

0.5 0.34

[t-g1-g2] [g1-t-g2] [g1-g2-t] 0.3 0.19
[t-g2-g1] [g2-t-g1] [g2-g1-t] 3.0 0.05
[g1-g1-g2] [g1-g2-g1] [g2-g1-g1]

[g2-g2-g1] [g2-g1-g2] [g1-g2-g2]
2.1 0.18

[g1-g1-g1] [g2-g2-g2] 0.0 0.14

Figure 4. Calculated structures of phenol-TEGH complexes at MP2/
cc-pVDZ level of theory. The distances are shown in angstroms and
the binding energies (kJ mol-1) are shown in parentheses.

TABLE 2: Binding Energies, H · · ·H Distances and Scaled
Vibrational Frequencies and Their Shifts for Various
Isomers of Phenol-TEGH Complexes Calculated at the
MP2/cc-PVDZ Level of Theory

∆E (kJ mol-1) H · · ·H (Å) νO-H (cm-1) ∆νO-H (cm-1)

phenol 3657
A [t-t-g1] 15.0 2.13 3630 -27
B [t-g1-g1] 18.2 2.32 3628 -29
C [t-g1-g2] 17.8 2.40 3643 -14
D [g1-g1-g2] 19.4 2.19 3634 -23
E [g1-g1-g1] 18.0 2.24 3619 38
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range of 15.0-19.4 kJ mol-1. Apart from the H · · ·H interaction,
these complexes are characterized by the presence of dispersive
interaction between the CH groups of TEGH and π electron
density of the benzene ring. It is not very easy to separate out
the contribution between the H · · ·H and C-H · · ·π interactions.
However, in complex A, the H · · ·H interaction distance is
minimum at 2.13 Å and it appears that the C-H · · ·π interaction
in this complex is minimal due to unfavorably disposed ethyl
groups of the [t-t-g1] confomer of TEGH relative to the benzene
π electron cloud. This places the upper limit for the H · · ·H
interaction around 15 kJ mol-1. However in the complexes B-E
the H · · ·H interaction is sacrificed to gain C-H · · ·π interaction.
The shifts in the O-H stretching frequencies of the phenol
moiety in these five complexes range from -14 to -38 cm-1,
and three out of the five complexes have O-H frequency shifts
around the experimentally observed shift of -24 cm-1. From
Table 2 prima facie there appears no correlation between the
binding energies, H · · ·H distances, and the O-H frequency
shifts. The most stable complex D with binding energy of 19.4
kJ mol-1 and H · · ·H distance of 2.19 Å has an O-H frequency
shift of -23 cm-1, which is in excellent agreement with the
experimental values.

Though one is tempted to assign the observed transitions to
various phenol-TEGH conformational isomers, the theoretical
analysis is not totally supportive of the experimental observa-
tions. UV-UV hole-burning spectroscopy would most certainly
separate out the transitions into isomeric and vibronic bands.
Furthermore, we had optimized one phenol complex for each
isomer of TEGH; this exercise can be extended by considering
the relative orientations of the ethyl groups with the benzene
ring. The TEGH isomer [g1-g1-g1] will result in only one
possible orientation, while the isomer [t-g1-g2] will have three
different orientations. This analysis will lead to formation of
10 different isomers of phenol-TEGH complexes against the
five optimized in the present case. This further complicates the
situation, and assigning the observed transition in the LIF
excitation spectrum to the individual isomers would be an
horrendous task. However, it can be noted that the specific
details of the structure are probably not as important as the
nature of interaction. Fortunately, the FDIR and the IR-UV
hole-burnt spectra reveal that the nature of the interaction
between phenol and TEGH in all five transitions is almost
identical. On the basis of the above discussion, one can risk an
assignment of phenol-TEGH complexes to the structure similar
in nature to the one shown in Figure 4D. This assignment of
course can only be tentative. However, the experimental
observations along with the ab-initio calculations unambiguously
support the formation of O-H · · ·H-Ge dihydrogen bonding
between phenol and TEGH.

Conclusions

The LIF excitation spectrum of phenol shows several new
transitions in the presence of triethylgermanium hydride. The FDIR
spectra reveal that the O-H stretching vibration of the complex is
shifted to a lower frequency by 24 cm-1. The IR-UV hole-burning
spectroscopy reveals that all the newly appearing transitions have
an identical shift of 24 cm-1 for the O-H stretching vibration of
the phenol moiety. The analysis of the observed experimental
results using ab-initio calculations clearly shows the formation of
an O-H · · ·H-Ge dihydrogen-bonded complex between phenol
and triethylgermanium hydride. Finally, the ability of germanes
and silanes to form dihydrogen bonds is much lower than boranes.
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