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� Raman spectra of saturated H2 so-

lution in silica were measured for

the first time.

� The rotational mode frequency

decreases with the amount of dis-

solved H2.

� The vibration mode frequency in-

creases with the amount of dis-

solved H2.

� The H2/D2 isotopic effect agrees

quantitatively with theory of

diatomic molecule.

� The intensity of hydrogen phonon

bands exponentially decreases

with annealing time.
a r t i c l e i n f o

Article history:

Received 17 February 2021

Received in revised form

15 April 2021

Accepted 22 April 2021

Available online 20 May 2021

Keywords:

Hydrogen

Silica glass

Solid solutions of hydrogen

High pressure

Raman spectroscopy
a b s t r a c t

The Raman spectra of saturated solid solutions of hydrogen and deuterium in silica glass,

SiO2-0.6H2 and SiO2-0.63D2, have been measured for the first time at liquid nitrogen tem-

perature. The comparative analysis of H2 phonon modes in solid solution of hydrogen in

silica glass and those of hydrogen gas shows a decrease in the frequency of rotational

modes contrary to an increase in the HeH stretching vibration mode frequency. Hydrogen

rotational modes, overlapped with the phonon modes of silica glass, strengthen at an

elevated temperature, while the phonon modes of silica glass soften. The isotopic substi-

tution of hydrogen by deuterium leads to a decrease in the stretching vibration mode

frequency proportionally to the square root of D2/H2 mass ratio, whereas rotational mode

frequencies decrease as a ratio of D2 to H2 inertia moments. The intensity of H2 phonon

modes gradually decreases upon the heating of hydrogen-saturated silica glass along with

the evolving of dissolved hydrogen.
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Introduction
A search for hydrogen storage materials has a long and

abundant history [1]. Besides gas and liquid storage, the storing

of hydrogen into a solid is a good alternative since it is possible

to contain more hydrogen per unit volume [2]. Considerable

solubility of hydrogen in metals, intermetallic compounds,

carbon nanostructures, clathrates of various gases and ice

hydrates is well described in literature [3e7]. The absorption

rate of hydrogen in atomic or molecular form, total absorbed

amount, the availability of absorbing and releasing way, as

well as the prevalence of potentially useable hydrogen storage

materials play an important role in applications. In this regard,

a variety of pure and doped silicates is of considerable interest

for their possible use as hydrogen storage materials.

In 1976, C. Hartwig carried out the first successful experi-

ments on the dissolution of molecular hydrogen and deute-

rium in silica glass [8]. Certain solubility was observed at a

temperature of 90�С and hydrogen gas pressure between 6.6

and 84.9 МPа. The Raman tests of hydrogenated silica glass

identified the HeH stretching vibration mode growing in in-

tensity with an increase in the hydrogen concentration to a

maximum of ~0.06H2/SiO2 at 84.9 MPa. The saturated solid

solutions of hydrogen in silica glass were obtained in 2013;

rather a high solubility of X ¼ H2/SiO2 ¼ 0.16 was found at a

pressure of 0.6 GPa and 250�С, which drastically increases to

X ¼ 0.53 at a pressure of 7.5 GPa [9]. The saturated solid so-

lutions of hydrogen in silica glass are metastable and, after

synthesis, were stored in liquid nitrogen to prevent hydrogen

losses under ambient conditions. Thereafter, the solid solu-

tions of hydrogen in some other doped silicates were prepared

under the similar conditions of hydrogen pressure and tem-

perature. The temperature range of their stability and the

amount of dissolved hydrogen were examined by hot extrac-

tion into pre-evacuated volume, whereas changes in the

structure of a silicate matrix upon hydrogenation were stud-

ied by X-ray diffraction near liquid nitrogen temperature

[10e13]. However, these experiments do not provide any in-

formation about the properties of dissolved hydrogen, like the

interaction of hydrogen with a silica glassmatrix and changes

in the phonon spectra of hydrogen and silica glass. In this

regard, Raman spectroscopy ismore useful, whichmay clarify

the chemical state of dissolved hydrogen and its interaction

with a silica glass matrix. Raman spectroscopy provides a

powerful tool for the study of dissolved hydrogen and the

comparison of its properties with those of pure hydrogen

under ambient and/or extreme conditions.

The Raman spectra of liquid hydrogen were first measured

in 1929, soon after the discovery of the Raman scattering effect

and the development of technology for condensation of nitro-

gen, hydrogen, and helium gases [14]. The measurements of

hydrogen Raman spectra in liquid and solid states were carried

out before the development of lasers using the intense lines of a

mercury lamp as a source of monochromatic light [14e16]. The

phonon modes of hydrogen molecules show minor changes in

the frequencies and bandwidths during gas e liquid - crystal

transitions at ambient pressure and low temperatures.

Hydrogen diatomic molecules may be in two different states,

with parallel (ortho) and anti-parallel (para) nuclear spins,
which differ in the frequencies of rotational and stretching vi-

bration modes. The population of ortho- and para-states de-

pends on temperature; at ambient temperature, ortho-

hydrogen predominates, whereas at liquid hydrogen tempera-

ture para-hydrogen prevails due to ortho-para conversion.

After the development of the diamond anvil technique, a

great interest appeared in the experimental studies of

hydrogen at an extremely high pressure. A search for ametallic

state in highly compressed hydrogen became an exciting goal

for many years in view of predictions for high-temperature

superconductivity in this material [17]. The progress in the

generation of unprecedented high static pressure stimulated

structural and Raman studies of hydrogen under extreme

conditions. Although metallic hydrogen has not been found

until today at pressures as high as 300 GPa, these studies pro-

vided important knowledge of the properties of hydrogen at

ultrahigh pressures that refer to the stability of a hydrogen

molecule and behavior of rotational and stretching vibration

modes [18e20]. Finally, Raman spectroscopy is widely used in

the studies of ice clathrates, which were synthesized by the

saturation of ice with hydrogen or deuterium at a temperature

from�10�С to �20�С and gas pressure from 80 to 200 MPa with

the subsequent quenching of samples in liquid nitrogen

[21e23]. These studies revealed the regularities in the phonon

frequencies of molecular hydrogen adsorbed in ice pores of

various sizes. In this way, the kinetics of hydrogen dissolution

under various conditions of synthesis and hydrogendesorption

at an elevated temperature were studied.

In the present work, we report the results of the Raman

study of saturated solid solutions of hydrogen and deuterium

in silica glass, synthesized at a pressure from 2.8 to 7.5 GPa

and a temperature of 250�С. For the first time, the Raman

spectra of saturated solid solutions of hydrogen and deute-

rium in silica glass have been measured in the range of

90e4300 cm�1 at near liquid nitrogen temperature and

ambient pressure. The phonon modes of dissolved hydrogen

changemarkedly as comparedwith those of hydrogen gas; the

frequencies of rotational modes, overlapped with the phonon

spectrum of silica glass, decrease, while the frequency of the

HeH stretching vibration mode increases. The spectra of

deuterated silica glass show a pronounced isotopic effect that

differs for rotational and stretching vibration modes. The

amount of dissolved hydrogen strongly affects the intensity,

frequency, and bandwidth of its phononmodes, which allows

studying hydrogen desorption kinetics upon the annealing of

samples at an elevated temperature.
Experimental

The samples of OH-Vitreosil silica glass purchased from

SigmaeAldrich with 99.9 wt % purity contained <0.01 wt%

metals and <0.06 wt% OH� impurities. The initial samples

were annealed before the hydrogenation for 4 h at 800 �C to

eliminate hydroxyls and water. The hydrogenation was car-

ried out in a toroid-type high-pressure apparatus [24] using

AlH3 [25] or NH3BH3 [26] as an internal hydrogen source. The

high-pressure cell was made of Teflon; a Pd foil separated the

silica glass from the hydrogen source. To evolve hydrogen,

AlH3 or NH3BH3 was decomposed at P ¼ 1.5 GPa by heating to
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T ¼ 250 �C. After that, the pressure was increased, and the

silica glass was exposed to an H2 atmosphere at P ¼ 7.5 GPa

and T ¼ 250 �C for 24 h and, finally, quenched to �196 �C to

prevent hydrogen losses in the course of pressure release.

The molar ratio X ¼ H2/f.u. of the samples was determined

with an accuracy of 3% by hot extraction into pre-evacuated

volume [27]. The hydrogenated silica glass samples were

stored in a liquid nitrogen vessel and studied further by

Raman spectroscopy and X-ray diffraction at T ¼ 85 K. The

Raman spectra were recorded in back-scattering geometry

using a micro-Raman setup comprised of an Acton

SpectraPro-2500i spectrograph and a CCD Pixis2K. The 532-

nm line of a single-mode YAG CW diode-pumped laser was

focused on the sample by an Olympus BX51microscope using

50 � objective. The spatial resolution was ~2 mm, while the

spectral resolution varied between 2.3 and 4.1 cm�1. The laser

line was suppressed by an edge filter with OD ¼ 6 and band-

width of ~100 cm�1, while the beam intensity before the

sample was ~5 mW. The Raman spectra at various tempera-

tures were taken using a self-made nitrogen cryostat with

cold loading of samples without intermediate warming. The

cryostat equipped with a temperature controller and resistive

heater provided temperature control in the region of

83e250 K with an accuracy of ±0.4 K [28].
Results

Fig. 1 depicts the Raman spectra of as-prepared solid solution

of hydrogen in silica glass SiO2-0.58H2 (closed circles) and after

its annealing at room temperature for 90 min (open circles) in

the energy region of 250e4300 cm�1 and ~85 К. The solid line

in the figure depicts the Raman spectrum of hydrogen gas at
Fig. 1 e Raman spectrum of hydrogenated SiO2-0.58H2 silica gla

symbols), Raman spectrum of the same sample after 90-min an

spectrum of gaseous hydrogen at room temperate and 5 bar (so
room temperature and a pressure of ~0.5 MPa. The last spec-

trum contains narrow bands of S0(0) and S0(1) rotational

modes with frequencies of 354 и 587 cm�1, corresponding to

para- and ortho-hydrogen, respectively. At high energy, it

contains narrow bands of the Н-Н stretching vibration modes

Q1(1) and Q1(0) with frequencies of 4155.5 and 4162.5 cm�1,

which also correspond to ortho- and para-hydrogen, respec-

tively. Asterisks indicate stretching vibration modes Q1(2) and

Q1(3) that refer to poorly populated rotational states with J ¼ 2

and J ¼ 3. Their intensity drops at low temperature along with

a decrease in the population of rotational states. The fre-

quencies of the rotational and stretching vibration phonon

modes of gaseous hydrogen are the same as those reported

earlier [22,25]. The phonon spectrum of the annealed SiO2-

0.58H2 sample coincides with that of pristine silica glass [29],

which differs markedly from the spectrum of the as-prepared

sample. The difference relates firstly to a wide intense band

with a frequency of ~4190 cm�1 that appears in the high-

energy region. Secondly, in the low-energy region two bands

appear with frequencies of ~328 cm�1 and ~549 cm�1, over-

lapped with the phonon spectrum of silica glass. The in-

tensities of all these bands gradually decrease upon the

heating of samples and loss of hydrogen, which indicates that

they refer to the phonon modes of dissolved hydrogen mole-

cules. The band at ~4190 cm�1 corresponds to the Q1(0)

stretching vibration mode of a hydrogen molecule, whereas

the bands at ~328 cm�1 and ~549 cm1 correspond to S0(0) and

S0(1) rotational modes, respectively. The phonon bands of

hydrogen in hydrogenated silica glass are very broad: their

bandwidth is ~45 cm�1 for the stretching vibration mode and

~35 cm�1 for the rotationalmode. On the contrary, the phonon

modes of gaseous hydrogen are very narrow because their

bandwidth of ~3 cm�1 in the Raman spectra is actually the
ss in the energy region of 250e4300 cm¡1 and at 85 К (solid

nealing at room temperature (open symbols), and Raman

lid line).
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width of the spectrometer slit. The frequencies of the phonon

modes of dissolved hydrogen differ from those of hydrogen

gas: the rotational modes shift towards lower energies by

~20 cm�1, while the stretching vibration mode shifts up in

energy by ~30 cm�1. In addition, the relative intensities of

para- and ortho-hydrogenmodes in solid solution of hydrogen

in silica glass and hydrogen gas differ because para-hydrogen

prevails in samples quenched at liquid nitrogen temperature

due to ortho-para conversion [23]. The overlapping of

hydrogen rotational modes with the phonon spectrum of sil-

ica glass causes some problems with their unambiguous

assignment. The identification of the intense S0(0) mode at the

low-energy edge of the phonon spectrum is undoubted, while

the assignment of weak S0(1) band requires additional argu-

mentation, which will be given later in the text.

Fig. 2 depicts the Raman spectra of hydrogenated (closed

circles) and deuterated (open circles) silica glass samples with

SiO2-0.6H2 and SiO2-0.63D2 compositions, measured at ~85 К in

the frequency range of 90 ÷ 4300 cm�1. The substitution of

hydrogen by deuterium leads to the isotopic shift of the

stretching vibration mode, which shifts towards lower en-

ergies from4190 cm�1 in hydrogenated silica glass to 3016 cm�1

in deuterated silica glass. The frequency ratio for this mode of

~1.389 is less than the classical value for an isotopic shift in

harmonic approximation (MD/MH)1/2 ¼ 1.414. Rather a large

difference is associated with quantum effects at low temper-

atures, which are manifested due to a very high Debye tem-

perature of hydrogen of ~1700 K [30]. Concerning the rotational

modes, the S0(0) mode frequency of ~328 cm�1 in SiO2-0.63H2

decreases to ~165 cm�1 in SiO2-0.63D2. Thus, the frequency

ratio of ~1.988 for this band is closer to its theoretical value in

harmonic approximation, which is equal to the ratio of the

inertia moments of D2 and H2 molecules ID/IH ¼ 2 [31]. The

spectrum of deuterated silica glass contains also a weak

shoulder near 260-280 cm�1, whichmay be assigned to the S0(1)
Fig. 2 e Raman spectra of hydrogenated SiO2-0.6H2 silica glass

glass sample (open symbols) measured in the energy region of
modeof deuteriumbecause its frequency is approximately half

the hydrogen S0(1) mode frequency in hydride. Additionally,

the Raman spectrum of deuterated silica glass contains a weak

band near the Q1(0) stretching vibration mode of deuterium

which refers to the traces of water, as well as a weak band of

~328 cm�1 corresponding to the S0(0) mode of small hydrogen

contaminant.

Fig. 3 shows the temperature dependence of the fre-

quencies of hydrogen phonon modes in hydrogenated silica

glass SiO2-0.6H2 sample and several phonon modes of a silica

glass matrix. The right panel shows the Raman spectra of

pristine silica glass (lower spectrum) and SiO2-0.6H2 sample

(upper spectrum). The inset in the right panel shows the

fitting of bands in the SiO2-0.6H2 phonon spectrum by the

Voigt profile. The left panel illustrates the temperature

dependence of the relative phonon frequencies, UT/U80,

defined during the Raman measurements of pristine silica

glass and hydrogenated silica glass at various temperatures.

The spectra were measured in the temperature range of

80 ÷ 185 К using a nitrogen cryostat with cold loading of

samples and a temperature controller [28]. The bottom part of

the left panel shows the dependence of several phonon

modes of glass on the temperature, whereas the upper part

depicts the temperature dependence for hydrogen phonon

S0(0), S0(1), and Q1(0) modes. The frequencies of glass phonon

modes decrease with an increase in the temperature; this

behavior of phonon modes is related to the anharmonicity of

vibrations and thermal expansion. Otherwise, when the

thermal expansion is small, the phonon frequencies almost

do not change. This is a case of pristine silica glass, which has

almost zero thermal expansion in the temperature range

under study. Contrary to glass vibrations, the frequencies of

rotational S0(0) and S0(1) modes of hydrogen increase with

temperature; different temperature behavior confirms the

correct identification of thesemodes performed above. At the
sample (solid symbols) and deuterated SiO2-0.63D2 silica

90e4300 cm¡1 at 85 К.
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Fig. 3 e Left panel - Temperature dependence of the phonon frequencies of dissolved hydrogen and silica glassmatrix. Right

panel - Raman spectra of hydrogenated silica glass sample SiO2-0.6H2 (upper spectrum) and pristine silica glass (lower

spectrum). The inset e fitting of the phonon bands by the Voigt function.
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same time, the frequency of the Q1(0) stretching vibration

mode decreases when the temperature increases. The

changes in hydrogen phonon frequencies are irreversible

with temperature; they refer most likely to hydrogen losses

upon heating. This assumption is consistent with the similar

changes in the frequencies of hydrogen phonon modes

observed in the Raman spectra of hydrogenated silica glass

samples with different amounts of dissolved hydrogen. Fig. 4

shows the Raman spectra of two different hydrogenated sil-

ica glass samples synthesized at hydrogen pressures of

2.8 GPa and 7.5 GPa and a temperature of 250 �C, which
Fig. 4 e Raman spectra of two different solid solutions of hydro

open symbols e H2/SiO2 ¼ 0.69. Left panel - S0(0) mode, right p
contain X ¼ 0.39 and X ¼ 0.69 hydrogen, respectively. The left

panel represents the Raman spectra of hydrogenated silica

glass samples near the S0(0) rotational mode at 85 K with

hydrogen content X ¼ 0.39 (closed circles) and X ¼ 0.69 (open

circles). The right panel shows the spectra near the Q1(0)

stretching vibration mode. An increase in the dissolved

hydrogen leads to a decrease in the rotational mode fre-

quency and an increase in the frequency of the stretching

vibration mode.

The frequency and intensity of hydrogen phonon bands in

saturated solid solutions of hydrogen in silica glass change due
gen in silica glass at 85 К. Solid symbols - H2/SiO2 ¼ 0.39,

anel - Q1(0) mode.
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to hydrogen losses upon the heating of samples. Fig. 5 shows

the variations of the Raman spectra of hydrogenated silica

glass recorded in the frequency range of 250e900 cm�1 upon

the annealing of samples at 173 К for 8, 43, and 123 min. The

intensity of hydrogen rotational modes decreases with an in-

crease in the annealing time; the magnitude of changes asso-

ciated with the ratio of the summarized intensity of rotational

bands to the intensity of the phonon bands of silica glass grows

up. Note that the latter does not change upon annealing and

serves as an intensity scale. The dependence of hydrogen

content on the annealing time associated with the relative

intensity of rotational modes IH to the intensity of silica glass

modes IG is shown with closed circles; it is well described by

the exponential decay function 27*exp(-t/26.2)þ35 (dashed

line). The primary content of dissolved hydrogen X ¼ 0.62

determined by hot extraction was used for the calibration of

hydrogen rotational mode intensity to the intensity of silica

glass modes as 62%. The exponential decay time constant is

~26 min, while the process saturates at large annealing time

showing residual hydrogen content of ~35%. The Raman

spectra recorded in backscattering geometry show the phonon

spectrum on the surface of samples. Thus, a decrease in the

intensity of hydrogen bands shows a decrease in the hydrogen

concentration on the surface of a sample, while diffusion of

hydrogen from the depth of the sample leads to its partial

replenishment. At a certain stage of annealing, the amount of

hydrogen released from the sample surface becomes equal to

the appropriate amount of hydrogen incoming from the bulk.

In our opinion, these steady-state conditions determine re-

sidual hydrogen content as measured by Raman spectroscopy.

The inset in the figure shows the content of desorbed hydrogen

for SiO2-0.58H2 during hot extraction. The hot extraction curve
Fig. 5 e Raman spectra of saturated solid solutions of hydrogen

annealing at 173 К after 8, 43, and 123min. Closed symbols - dep

hydrogen and silica glass modes IH/IG) on the annealing time, d

function. Inset e hot desorption of hydrogen under the continu
was obtained by continuous heating of the sample in a closed

pre-evacuated ampoule from�190 �C to 500 �C at a rate of ~15�

per minute. Desorption is very small in the temperature range

up to �100 �C, it intensifies at a temperature of �50 �C, and
becomes violent near 0 �C. The determination of hydrogen

amount in this way is applicable to all types of hydrogenated

solids; however, the study of desorption kinetics requires a

different approach. The variation of the relative intensity of

hydrogen phonon modes upon annealing at different tem-

peratures provides valuable information on the kinetics of

hydrogen desorption that allows specifying the activation en-

ergy of hydrogen release.
Discussion

The dissolution of molecular hydrogen in silica glass modifies

its phonon spectrum. The intensity and frequency of new

appeared hydrogen phononmodes changewith an increase in

the adsorbed hydrogen amount. The phonon spectrum of a

free hydrogen molecule consists of rotational modes associ-

ated with rotations of a diatomic molecule, and of stretching

vibration of hydrogen atoms along the bond direction. The

energy of rotational phonon modes is:

E ¼ B0$J$(J þ 1) (1)

where B0 ¼ h/(8p2Ic) e is the rotational constant, J ¼ 0, 1, 2,

…e is the rotational quantumnumber, I¼ mR2e is themoment

of inertia of a diatomic molecule (m e is the reduced mass, R e

is the distance between atomic nuclei), h-is the Planck con-

stant, с e is the speed of light.
in silica glass in the energy region of 250e900 cm¡1 during

endence of hydrogen content (relative Raman intensities of

otted line e fitting of the experiment by exponential decay

ous heating of hydrogenated silica glass sample.
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The energy of the stretching vibrations is:

E ¼ (n þ 1/2)$hn (2)

where n ¼ (1/2p)·(k/m)1/2, n-is the vibration quantum num-

ber, k-is the force constant, m-is the reduced mass [31].

The rotational S0(0) mode of para-hydrogen corresponds to

the transition between J¼ 0 and J¼ 2 stateswith the energy 6B0,

whereas the rotational S0(1) mode of ortho-hydrogen corre-

sponds to the transition between J ¼ 1 and J ¼ 3 states with the

energy 10B0. For gaseous hydrogen under ambient conditions,

B0¼ 59.2 cm�1 for the S0(0)mode andB0¼ 58.7 cm�1 for the S0(1)

mode [15]. Thus, a change in the nuclear spin of a hydrogen

molecule affects the rotational constant B0. The frequencies of

rotational modes increase by 1.5 cm�1 due to the enhancement

of intermolecular interaction upon the condensation of

hydrogen,whereas the compression of liquidhydrogen to 4GPa

results in a further increase by ~5 cm�1 [15,18]. An increase in

the intermolecular interaction upon the solidification of

hydrogen above 5.5 GPa leads to significant broadening of

rotationalmodes and results in their degradationwith a further

increase in the pressure [18]. The frequency of the Q1(1)

stretching vibration mode increases with pressure up to

~30 GPa, while a further increase in the pressure results in its

decrease [18]. The contraction of the Н-Н molecular bond at

high pressure leads to an increase in the elastic constant and

frequency of the stretching vibrationmode n ¼ (1/2p)·(k/m)1/2. At
the same time, the inertia moment of a molecule decreases,

and the rotational constant B0 ¼ h/(8p2Ic), as well as the fre-

quency of the rotational mode, increases. The softening of the

stretching vibration mode above 30 GPa refers to the so-called

centralization of the Н-Н bond caused by the enhanced inter-

action between hydrogen atoms of neighboring H2 molecules

resulting in some expansion of the intra-molecular bond. The

inhibition of molecular rotation in solid hydrogen causes the

broadening of rotational modes, and, according to estimates,

the rotation is predicted to cease at ~37.5 GPa that, in fact, oc-

curs earlier [18,32]. The narrowing of the Q1(1) stretching vi-

bration band, observed at a pressure P > 5.5 GPa, also refers to

the inhibition of hydrogen molecule rotations after solidifica-

tion [18].

It is interesting to compare the behavior of the rotational

and stretching vibration modes of liquid hydrogen at high

pressure with that of the rotational and stretching vibration

modes of hydrogen dissolved under pressure in silica glass

and clathrates. In ice clathrates synthesized at low hydrogen

pressure, the S0(1), S0(0), and Q1(1) mode frequencies decrease

compared to the phonon frequencies of a free hydrogen

molecule. In this case, the lowest phonon frequency is

observed for single hydrogen molecules embedded in the

largest voids in the crystal structure of clathrate [21e23]. As

the void size decreases, either two, three, or four hydrogen

molecules fill large voids, the frequencies of rotational and

stretching vibration modes gradually increase; however, they

are always less than the corresponding frequencies of gaseous

hydrogen [33]. The similar behavior was observed for the Q1(1)

mode in diluted solid solutions of hydrogen in silica glass with

a small amount of hydrogen obtained by Hartwig at relatively

low hydrogen pressure [8]. Unfortunately, no data on the

rotational S0(0) and S0(1) modes were presented in Ref. [8] to
compare them with those of ice clathrates. Nevertheless,

these modes appear in the Raman spectra of germanosilicate

optical fibers filled with hydrogen at relative low pressure of

~170 MPa [34]. As in the case of ice clathrates, in germanosi-

licate optical fibers both rotational S0(0) and S0(1) modes, as

well as the stretching vibration Q1(1) mode, are shifted to-

wards low energies [34]. According to Ref. [23], a decrease in

the hydrogen mode frequencies in ice clathrates is related to

the softening of the covalent bond due to the van der Waals

attractive interaction between water and hydrogenmolecules

in the voids of clathrate. The expansion of theН-Н bonds leads

to an increase in the inertia moment and a decrease in the

elastic constant of the molecule resulting in the softening of

both rotational and stretching vibration modes. Pimentel and

Charles [35] explained this trend of frequency change using

the «loose cage e tight cage» model. In this model, the shift of

the vibrationmode frequency of an encagedmolecule relative

to a free molecule Dun,0 is determined by the first and second

derivatives U0 and U00 of the solute-solvent interaction poten-

tial with respect to the internal stretching coordinate of the

encaged molecule:

Dun,0 ¼ (nBe /hcue)* < U00-3AU' > t0 (3)

where< > t0 is the statistical average of all configurations (t)

of the solute in the ground state, and n, Be, h, c, ue, and A

represent the number of the excited vibrational state, the

equilibrium rotational constant, Plank's constant, the speed of

light, the equilibrium vibrational frequency, and the anhar-

monicity constant, respectively. The term in (3) associated

with U00 arises from a change in the harmonic force constant

due to the intermolecular interaction, and the term associated

with U0 arises from a shift in the equilibrium displacement

and is important when the vibration is anharmonic.

Depending on the solute-solvent interaction potential, both

negative and positive frequency shifts are possible.

The changes in the frequencies of hydrogen phononmodes

in saturated solid solutions of hydrogen in silica glass differ

from those of ice clathrates, as well as from pressure-induced

changes in liquid hydrogen. The frequencies of hydrogen

rotational modes in hydrogenated silica glass decrease con-

trary to an increase in the stretching vibration mode fre-

quency, while the bandwidths of all modes increasemarkedly.

In this regard, the saturated solid solutions of hydrogen in

silica glass obtained at high hydrogen pressure differ from

those obtained at relatively low hydrogen pressure, such as ice

clathrates [23], diluted solid solutions of hydrogen in silica

glass [8], or germanosilicate optical fibers filled with hydrogen

at relative low pressure of ~170 MPa [34] with a small amount

of hydrogen. In ice hydrates С1 and С2, in which molecules at

relatively high hydrogen pressure are embedded in the inter-

stitial positions of the crystal lattice of ice II and Ic, respec-

tively, the frequency of the Q1(1)mode increasesmarkedly [36].

Moreover,when ice hydrateС1 transforms to ice hydrateС2 at a

pressure of ~4 GPa, the concentration of dissolved hydrogen

X ¼ H2/H2O increases from X z 0.17 to X z 1, and the fre-

quency of the stretching vibrationmode increases additionally

by ~20 cm1 [36]. Thus, an increase in the content of dissolved

hydrogen typical of saturated solid solutions of hydrogen in

silica glass results in a significant shift of the stretching

https://doi.org/10.1016/j.ijhydene.2021.04.144
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vibration mode towards higher energies. Unfortunately, there

are no data on rotational modes in [36] to compare them with

those in hydrogenated silica glass. Obviously, the frequency of

the stretching vibrationmode increases due to the contraction

of the HeH bond caused by the pressure-enhanced interaction

of hydrogenmolecules in saturated solid solutions of hydrogen

in silica glass. At the same time, the Н-Н bond length and the

moment of inertia decrease, therefore, the frequency of rota-

tional modes should increase. Such behavior is shown by

rotational and stretching vibrationmodes in liquid hydrogen at

high pressure before its solidification [18]. In contrast, an in-

crease in the hydrogen content in saturated solid solutions of

hydrogen in silica glass results in a decrease in the rotational

mode frequency. We believe that hydrogen in the voids of

silica glass is in the gaseous state at high pressure. Thus, the

free rotation of hydrogen molecules under these conditions

may be somewhat inhibited due to the interaction with the
00fixed00 atoms of silica glass at the void boundaries. Intuitively,

it reminds reducing of mechanical top rotation due to the

friction of the top axes against the surface. This is consistent in

part with the experimental results [18] related to the strong

broadening of rotational modes near hydrogen solidification

followed by their degradation under a further increase in the

pressure. Thereby, the intermolecular interaction at high

pressure in hydrogen gas within the voids of silica glass de-

creases the frequency of rotational modes, the magnitude of

which exceeds, however, an increase in the frequency caused

by the shortening of the Н-Н bond.
Conclusions

The Raman spectra of saturated solid solutions of hydrogen in

silica glass prepared at hydrogen pressure of 7.5 GPa and 250�С
show a large amount of dissolved molecular hydrogen. In the

phonon spectrum of hydrogenated silica glass, the rotational

and stretching vibration modes of hydrogen appear that grow

in the intensity at higher hydrogen concentration and change

somewhat the phonon spectrum of silica glass. The frequency

of the stretching vibration mode increases contrary to that of

the rotational modes when the amount of dissolved hydrogen

increases at high pressure. Under the isotopic substitution of

hydrogen by deuterium, the vibration mode frequency de-

creases as the square root of D2/H2 mass ratio, whereas the

rotational mode frequency decreases as a ratio of D2 to H2

inertia moments. The rotational modes, overlapped with the

phonon modes of silica glass, strengthen unusually at high

temperature contrary to the HeH stretching vibration and sil-

ica glass modes. The changes in the frequencies of hydrogen

phonon modes are irreversible with temperature and refer to

hydrogen losses under heating. Themolecules of hydrogen gas

in the voids of silica glass rotate freely; however, their rotation

may be somewhat inhibited due to the van der Waals inter-

action with the 00fixed00 atoms of silica glass. A decrease in the

frequency of rotationalmodes associatedwith the inhibition of

rotations exceeds an anticipated increase related to the

pressure-induced contraction of the Н-Н bond. The amount of

loosed hydrogen under heating can be determined from a

change in the relative intensity of rotational modes with

respect to the full intensity of silica glass phonons. The time-
dependent changes in the Raman spectra of hydrogenated

silica glass upon annealing at an elevated temperature can

provide information on the kinetics of hydrogen desorption

and may be used to define the activation energy of hydrogen

release.
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