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Vibrational spectroscopy techniques are commonly useddiogathe atomic-scale structure of silica species in agsieou
solution and hydrous silica glasses. However, unequivagsigpnment of individual spectroscopic features to specifi
vibrational modes is challenging. In this contribution, establish a connection between experimentally observed vi
brational bands and ab initio molecular dynamics (MD) atailspecies in solution and in hydrous silica glass. Using
the mode-projection approach, we decompose the vibratisikica species into subspectra resulting from several fu
damental structural subunits: The i@trahedron of symmetry4T the bridging oxygen (BO) Si-O-Si of symmetry
Cov, the geminal oxygen O-Si-O of symmetry,Cthe individual Si-OH stretching and the specific ethake-§ym-
metric stretching contribution of theg3i,O7 dimer. This allows us to study relevant vibrations of thagausits in any
degree of polymerization, from the’@onomer up to the fully polymerized'Qetrahedra. Demonstrating the potential
of this approach for supplementing the interpretation gfezimental spectra, we compare the calculated frequencies
to those extracted from experimental Raman spectra of lugdsitica glasses and silica species in ageous solution. We
discuss observed features such as the double-peakedetiomiof the G tetrahedral symmetric stretch, the individual
Si-OH stretching vibrations, the origin of the experiméigtabserved band at 970 cmh and the ethane-like vibrational
contribution of the KSi,O; dimer at 870 cm?.

I. INTRODUCTION a1 Of potential species and their different vibrational mothed
2 may be responsible for the observed Raman bands. The possi-

Silicate-bearing aqueous fluids and water-bearing silieatPle species include Si(Okimonomers, low-order oligomers
melts play a fundamental role in a wide variety of geolagic(dimers, trimers, etc.), more highly polymerized netwooks
processes. The structural properties of silica in the meese Q"-species 1f denoting the number of oxygen atoms in one
of H,0 are also of fundamental importance in several scientetrahedron shared with neighboring tetrahedra) and diepro
tific and technological areas such as zeolite research arid opated (charged) speciés:®-191%Band assignments are usu-
tical glass manufacturing. For these reasons, it is impotta ally based either on qualitative assessment of how spectra
to understand how the structural properties change with gonfhange with changing fluid composition, and/or on the result
positions ranging from pure silica to hydrous silica andrfre Of computational studies of small silicate molecules (see b
dilute silica in aqueous fluids to more concentrated sila:s |0W). Among the Raman bands of silica species in aqueous
lutions. 22 fluid, the one with the most certain assignment is at about

Much of the current information on the speciation and?70cnT?, which is explained by the tetrahedral symmetric
structure of silica in fluids and in hydrous glasses has comgtretch of a monomér!0:1516.2425The agreement on the vi-
from Raman spectroscopy in the frequency range of 400 t@rational frequencies of other monomer modes is fairly good
1200 cnt?, which is dominated by quasi-localized vibratiorral The case of the dimer is already more ambiguous. All studies
motions of the silica network® A large data set of Raz agree inits contributionto a band at about 630¢maused by
man spectra related to silica species in aqueous fluids atvaihe bridging oxygen vibration, but differ in the frequendyeo
ious concentrations is now availalté3 The hydrothermap Second band varying from 850 to 915 to 1015 cm®1%16.24
diamond-anvil cell techniqdé, in conjunction with Ramapy Questions remain also about intermediate degrees of polyme
spectroscopy, has enabled direct probing of a fluid's vipraization. For instance, the spectral contributions idegdifior
tional frequencies at high pressures and temperaturese®heQ’-species differ markedly between individual studiés®2’
methods have been applied to silica in predominantly agsreowilica rings composed of several Si@trahedra (mostly 4 to
fluids>51516and water-bearing silicate mefts>1” Changes: ©6) are importantintermediate-range structures, not ontry
in the structure of fused silica glass and binary,®5i0, s Silica, but also of silica in solutioff! Their specific Raman-
glasses and melts caused by addition of water have also*beHense vibrational contribution consists of collectivedg-
investigated by Raman spectroscopy and discussed in tdrms #9 0xygen motions that are referred to as “ring breathfffg”.
silica speciatior}®23 = Their vibrational frequencies are around 600¢rand below,

Nevertheless, many aspects of the interpretation of Rama frequency region that is dominated by broad, blurred bands
spectra of these materials remain uncertain. Ambiguities i iN Raman spectra of silica in solution. Therefore, ringstru

the band assignments are mainly the result of the large numb#lres are not commonly assigned to Raman bands of silica in
e aqueous solutions, although NMR measurements detec silic

es ring structures in these fluid§:3°

_ 6 There are several computational methods to support the in-
®)georg spiekermann@gfz-potsdam.de es terpretation of vibrational spectra from glasses, melssilma
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species in solution. We mention them briefly to motivate-theapplication of this approach were the quasi-normal modes of
approach presented in this study. They mostly aim to calcuthe water moleculé®#/ Taraskin and Ellioft projected force
late complete Raman spectra of a model system, whereas wectors of bulk classical-potential SiGbnto quasi-normal
aim to study the distinct vibrational contributions of @ifentx modes of a tetrahedral molecule, to decompose the vibedtion
silica species. 128 density into separate subspectra of different, spatiallysé
Most commonly, the methodological basis is normal meddocalized origin. Wilson and Maddéhprojected atomic ve-
analysis (NMA) which explicitly calculates the vibratidra locity vectors from a classical molecular dynamics run of
modes at zero Kelvin, making use of the harmonic approximaSiO, onto the same quasi-normal modes and obtained the par-
tion. NMA can be carried out either on clusters or bulk modeldtial vibrational density by Fourier transformation of thelarc-
in periodic boundary conditions. On the basis of the atomidty autocorrelation function. Sarnthet al.>® used this pro-
displacement vectors resulting from NMA, several metlodgection to discover the high frequency doublet of silicage r
have the aim to calculate complete Raman spectra of thesmogult from two different tetrahedral vibrations as opposeckt
elled system from the polarizability changes related tcheacsult from LO-TO-splitting. Pavlatoet al.>* applied the same
mode. For example, the Raman-scattering cross sections aseheme to a network-forming molten salt in which the poly-
calculated fully ab initio for each vibrational mode of an4s hedra do not form a complete network. Ribeatoal.52~>*
lated HySiO4 or H3SiO, monome#>31-33 HsSi,O; dimers:s demonstrated by mode projections in the case of ZmGiv
and HSisO1p trimers16-24:34n practice, this approach is line-  the idealized high-frequency quasi-local molecular meues
ited in the size of the silica clusters such that silica sgebew:  the idealized low-frequency propagating modes in a network
yond @& have rarely been investigated with gas-phase N¥#a. forming liquid are not completely independent of one an-
Recent advances in the perturbational treatment of patariz Other. However, the decoupling increases with increasing
tion within the framework of density-functional theory ety bond strengti¥* Therefore, the high bond strength of the Si-
allowed calculation of the polarizability tensor of a syste O bond supports the applicability of local mode projections
within periodic boundary conditioR$and its variation for fies ~ Silica systems.
nite displacements of the atorfsThis method, applied t& ~ Comparison of vibrational subspectra to experimental Ra-
bulk NMA displacement vectors, allows for the calculatidreo Man spectra of silicate glasses and melts is justified byettte f

Raman spectra of bulk disordered silica syst&#%in very« that the first-order Raman scattering shifts of the photon en
good agreement with experiment. 150 ergies directly provide the vibrational frequencies of shat-

. ) . ; ; i) 37 ; 55
A classical approach to calculate polarizability changés o€ring species (see e.g. Umatial.>" and Veitheret al.>).
a system due to its vibrations is the parameterized pBnglhis contrasts with infrared spectroscopy, in which the com

polarizability model. The bond-polarizability model is-a PIex response to a plane wave radiation field may cause a shift
rameterized based on the polarizability of silica specie¥ i between vibrational frequencies and observed IR absarptio

crystald%4L on ab initio polarizabilitie®-44 or on othe¥s bands (see e.g. Balanal *°). o

electro-optical model$® As the above mentioned methads, ~ This study extends the mode-projection approach to the par-
it can be applied to the atomic displacement vectors of'thdally depolymerized network in the SiH,0. We present vi-
eigenmodes from NMA2% However, it can also be af- bre_ltpnal subspect_rafrom ab initio MD of given silica SEECi
plied to the atomic velocity vectors of a molecular dyngm-This is reached with the application of the mode-projection
ics trajectory*245 Contrary to the methods above, the bafid-approach to molecular subunits comprising 1) silica tetra-
polarizability model is suited to disentangle the Raman-¢onhedra of any degree of polymerization including the non-
tributions of different silica @-speciations in partially depoljz Polymerized monomer as a benchmark, 2) bridging oxygen
merized glasses or meft& However, to our knowledge, théfe atoms to any degree of polymerization, 3) individual Si-OH

is no bond-polarizability model for silica species in hyages  Strétching, 4) O-Si-O vibrations orfespecies, and 5) the spe-
environment. s Cial ethane-like case of the dimer. The frequencies of these

n(_:1uasi—local modes are compared to the frequencies obtained
|from Raman spectra and may therefore assist in band assign-

ica species. Therefore, we need to know the frequenci&s gpent. By using bulk MD a.md.extendmg the mode-pr01e<7:t|on
vibrational modes with presumably high Raman intensit{ ofmethOd’ two important limitations of the gas-phase NNIA
distinct silica species. This can not be achieved with thewely &€ OVercome. Firstly, we can model any degree of polymer-
mentioned methods for silica species of intermediate dn'Hig Ization. Secondly, S'“(_:a SPecies in solvation can be mediel
degree of polymerization: If NMA is applied to small clugi& at high temperaturés including full anharmonicity.
as mentioned above, the vibrational character of the modes
can be evualuated visually from the atomic displacement vec
tors of each mode, but in bulk material, this is complic’eiied”'
because of the mixed character of the bulk vibrational eigen
modes. 174 A. Molecular dynamics simulations

The approach that is followed in this study is the projec-
tion of atomic velocity vectors from ab initio MD runs oato  For the calculation of trajectories, we used density func-
the directions of molecular normal-mode-like motionsdedis tional theory? in the plane wave pseudopotential approach, as
from theoretical spectroscopy. To our knowledge, the.firsimplemented in the CPMD codd.The exchange-correlation

The goal of our study is to assist the experimental as$ig
ment of Raman bands to quasi-local vibrational modes df'si

METHODS
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functional was PBEL, which performs well in hydrous sit: species of a tetrahedron), the character of their vibratiom-
icates and which has been used in previous studies ef th#ons remains the same (normal-mode-like), but the frequen
Si0,-H,0 systenf?3 Exchange-correlation functionals.ef cies shift.

the GGA type seem to be generally superior over LDAsin In the computational analysis of MD trajectories, the spec-
disordered network-forming systerffs8” We used Martins» tral density (i.e., the power spectrum) of a group of atoms is
Troullier type pseudopotentia?§ The Kohn-Sham wavefune- calculated from the Fourier transform of their velocity @ut
tions were expanded at tHepoint only with a plane wave correlation function (VACF)

cutoff energy of 80 Ry. Dependence of forces on k-point sam-

pling was negligibly small (below 1%). Tests against higher ..

cutoff energies showed that with the pseudopotentials,used F(w) = / cos(wt)dt (vi(t) - v(0)), 1)

all forces were within about 1% deviation from converged Jo

value. This rather high cutoff ensures high reliability bét

modeled properties and structures. We used Car-Parfifiel L
(CP) molecular dynami€8 with a ficticious electronic mas$ quency, and chevrons indicate the ensemble avefagae

of 400a.u. and a time step of 4a.u. (0.097fs). We f(’)ﬁnodetails of equation 1 in this contribution dfigx =1 ps (which
-U. A ’ 22 yields a good compromise between usage of data and sharp-

this setting to reproduce the Born-Oppenheimer forces ver . A
accurately even after long CP runs. Wavefunctions etdlv’ ess of the resulting spectrum), normalisation of the VACF t

ing with combinations of larger mass and time step introﬂﬁcé’r."ty att =0 prior to Fourier transformation and a von-Hann-

) P : S indow function to reduce edge effects. Finally, the sgctr
a non-negligible effect on dynamics and thus on Vlbratié%a}évensiWF(w) is squared and smoothed via convolution with a

frequencies®"2The CP fictitious kinetic energy of the wa{/é- . > hf) > . .
functions was thermostatted. The atomic positions ang’veZ>2ussian ob =20 cnt " to facilitate the extraction of a single

locities were recorded every 40a.u. The stress tensor 8t tl"r%eak frequency. . . .
MD runs at 80 Ry plane-wave cutoff was unconverged tith If the complete, unprojected particle velocity vectors are

respect to the basis set and therefore required corredtiefs. used in equatign 1.’ then the. resulting spectral de.nsity s
calculated this correction term from single configuratiand™ the complete vibrational density of states (VDOS), includ-

a converged plane-wave cutoff of 140Ry. The differenég in"Y translational, rotational and low-frequency longgan

stress tensor was added as correction to the pressure’df tf pustic-like COI‘I'FI’IbL_ItIOﬂS (full VDOS, Fig. 3).
MD run.’3 255 he mode-projection approach allows us to separate out

We performed several simulation runs, modeling diﬁ(ér-ea.Ch normal-mode-like quasi-local contribu.tion.of st .
! cific groups of atoms from the complete vibrational density.

ent degrees of polymerization (Table I). Each run was 50 P¥or this, the atomic velocity vectors are decomposed irfto di

of simulated time, and comprised the silica species plus'25; . . ! ,
27 explicitly treated water molecules with periodic boﬁ’ngd-ferent components before equation 1 is app!led. In a first
ary conditions (except run POLY, with nominally 168l and® step, the atoms are grouped together according to the struc-

16 SiQ, in a metastable single-phase state). Excludinézlthél.Jral subunit of interest. In a second step, if the group con-

. ists of more than two particles, the translational movamen
gas-phase runs, the total number of atoms in each of thé’bu S
the group needs to be subtracted from the individual par-
runs was between 90 and 100. The temperature was 300 icle velocities, in order to remove non-local, low-freqa:
or 1000K, and it was controlled by Nosé-Hoover-chaing for : ’ Qo

each degree of freedom (“massive” thermostding The™ motions. This can be done by subtraction of the velocity of

runs were carried outin the NVT (canonical) ensemble, wife the center atom (the silicon in the case of the tetrahedron).

I . .
wome and temperature were kept consant. The dgsTSIVe, T Yool oL e cenierotase ol hoer
ou 8 )

was adjusted such that the average pressure at 1000 K'w ) : . . . X
) ! s s, OULt this study (for discussion of this choice see Sectiond).B
be close to 0.5GPa. For a discussion of the validity of th n a third step after subtraction of the center velocity jh#i-

. . 270
Ezjondlel 'é)rSOJeCtlon approach at extreme temperatures Seglsec(fé velocities are further decomposed by projection of &om

222 Motions onto a set quasi-normal modes (QNMSs) based strictly
2z on symmetry*®51We follow the methods described by Pavla-
- o 2 tou et al.>! and Taraskin and Elligt in decomposing the
B. Decomposition of the vibrational spectrum 2 VACF of silicon-bonded oxygen atoms by projecting the vi-
s brations onto sets of vectors representing molecular norma
Experimental vibrational spectra of silica species in selu modes of different molecular subunits. These QNMs approx-
tion, in a glass or in a melt in the frequency range betweermate molecular normal modes, but may differ slightly from
about 400cm?! and 1200cm? contain contributions from the true normal modes in that the particle velocities ara-rel
quasi-local vibrational modes that reflect the local enwvise tive to the center atom.
ment. These contributions are commonly evaluated (e in Four main symmetries of quasi-normal-mode (QNM) de-
Raman spectroscopy) in terms of the degree of polymesizacomposition are used here: 1) The gi€@trahedron with
tion. They arise from quasi-normal-modes of mainly #wo symmetry T, 2) O-Si-O and Si-O-Si subunit vibrations into
natural structural subunits of the silicate network, th®5k Cy, (H20-like) QNMs, 3) the ethane-like decomposition for
tetrahedron and the Si-O-Si bridging oxygen (BO) (Figzsdl).the case of the k5i,O; dimer and 4) the individual Si-OH
Through all stages of polymerization (i.e., all possibl&-€Q stretching. See Figure 1 and Table Il for combinations of

I\ghereF(oo) is the spectral density ard is the angular fre-
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TABLE I: Overview of the simulation runs. The calculated ggare is about 0.5 GPa for all bulk cells.

run label composition and species temperature (K) dengityrf)
Monomers:

MON-300K HySiO4 + 27 H,O 300 0.95
MON-1000K HSiO4 + 27 H,O 1000 0.95

Dimers:

DIM-1000K HgSi,O7 + 25 H,0 1000 1.02
DIM-GASMD-300K HeSixO7 300 -

Linear trimer:

TRIM HgSiz010 + 23 H,O 1000 1.09

Higher polymers:

POLY 16 H,O + 16 SiQ nominally 1000 1.88

modes and geometries. sz Of tetrahedrori. The second component is obtained by in-

ais  terchanging the velocity and displacement vectors of oryge
a5 atom 2 with those of oxygen atom 3.

1. SiOg4tetrahedral (Tq) QNMs One component of thel ET umbrella-bending can be com-
puted from
A tetrahedral molecule has four normal modes which are _
in principle all Raman active and most of which are degener- V\'J'ET = (vi”‘2 —vﬂ3—vi”‘4) -Fi1. (5)

ate:v]ET (symmetric stretch, ), vET (asymmetric stretch,

Fo), v; &7 (E-bending or symmetric bending, E) amd=".. The other two components can be obtained by interchanging
(umbrella-bending or asymmetric bending).FA sketch of,,  the velocity and displacement vectors of oxygen atom 1 those
the derived quasi-normal modes (QNMs) is given in Fig,; 1.0 oxygen atom 2 and 3, respectively.

top row. The individual instantaneous velocity vectors Ibf a

four oxygen atoms of a tetrahedrboan be projected onto the

TET :
vi - symmetric stretch QNM by as 2. Bridging oxygen QNMs (Cy,)

_ 4 I a2 There are three structural subunits of silica wity, €ym-
V\',IET = > Vij (22 metry: 1) the Si-O-Si bridging oxygen (BO) atoms, 2) the
=1 a2 nhon-bridging oxygen O-Si-O (HO-Si-OH) and 3) the bridg-
I . _ =3 ing oxygen O-Si-O (Si-O-Si-O-Si). The first is designated by
wherev;; is the magnitude of the velocity of oxygen atgg, the superscript “BO”, the latter two are designated by the su
projected onto the normalized displacement vector from-@xyperscript “OSiO”. Here, we derive the QNM projections for
gen atomj to the silicon of tetrahedron Analogously, thg; the BO, and the OSIO QNMs are analogous. The 1@r-
first degenerate component of thgET asymmetric streteh mal modes areBO symmetric stretch (4, vB® asymmet-
normal mode is described by 2s  ric stretch (B) and vE© bending (A) (Fig. 1, for normal
2s modes see e.g. McMillan and Hofmeisteand Taraskin and
Vil Lyl 3" Elliott48).
vfET TR N2 T A The vfo symmetric stretch is, analogous to the tetrahedral

) case, the sum of Si-O parallel projections as
The other two degenerate modes Il and Il are obtained by

exchanging oxygen atom 2 with oxygens 3 and 4, respectively.

iyl /I
Other combination do not yield linearly independent modes. VV?O VitV ©
In the present study, the degenerate components are logged 80 ) _
individually and averaged only after Fourier transform. thevg™ asymmetric stretch is
One component of the]ET E-bending is obtained from _
projection V\'}3BO = v“l - v“z, (7)
il .. and thevS© bending is
V\I/'ZTET = (Vix—Vin)- (fia—Fi2) @ 2 | g
+ (Vs —Wa) - (fiz—fia). V'zao = (Vin —Vin) - (fia—Fi2). (8)

wherevi is the vector component of the velocity of oxy-  Another way of decomposing the bridging-oxygen atom
gen atomj of tetrahedrori, perpendicular to Si-O, and j3» motions are the three orthogonal directiops = Vg +Vr+Vs,
is the displacement vector from oxygen atgrto the silicorss related to bending, rocking and stretching (B-R-S) motiths
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considered in this study. Top row: QNMs of a tetrahedkal

molecule of symmetry . From left to right:v] ET
(symmetric stretchyJET (asymmetric stretch)] ET
(symmetric bending, here and elsewhere referred to as
E-bending) andJET (asymmetric bending, here and sss

elsewhere referred to as umbrella-bending). Arrows irtdica
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3 3
Vvllgr,,\z,I:Zvlj—i—Zv!’j, 9)
=1 =1
and thev?'™ asymmetric stretch is
12 _ < <l
Vvéjr,M =3YVii— YV (10)
=1 =1

4. Theindividual Si-OH stretching

The Si-OH stretching of hydrogen-terminated, non-
bridging oxygen atoms is recorded as the projection of msta
taneous oxygen velocity onto the Si-O translation vector. |
will be evaluated separately for’Qto Q3-species. The hy-
drogen atoms are not considered explicitly, as is discussed
the following Subsection.

5. The validity of the silica mode-projection approach

the velocity component of interest. Dashed lines in bending  The mode-projection approach and the above described
modes represent additional projection vectors where ansico projection sets exploit the fact that the high-frequendyai

projection is necessary. Middle row: The,QNMs for

362

tions of the silica species in any degree of polymerizatien a

bridging oxygen Si-O-Si and geminal oxygen O-Si-O pagts normal-mode-like and quasi-localized. The mode-projecti

of Q?-species. From left to rightz2° symmetric stretch, ,,
vE© asymmetric stretch anef© bending. Bottom row: Twe,
ethane-like QNMs of the 807 dimer: vP'M symmetric s
stretch and/2'M asymmetric stretch. The structures wese
drawn using th&/MD software packadé. 368

369
370

371
However, there are redundancies between thea@d the Bs,,

R-S concepts, only the low-frequency rocking contribuign
not captured by the £ BO concept. Therefore we focus,gn
the Gy results. More vibrations of $D-like structural suls,

approach requires the choice of a center of a structure of in-
terest for two reasons. Firstly, the translational motibthe
structure as a whole needs to subtracted, as described.above
Secondly, a center is needed for the construction of the dis-
placement vectors that form the projection basis. The ehoic
of the silicon atom as reference center of the QNM is justified
because the velocity of each oxygen atom represents part of a
vibration of the Si-O bond. An alternative choice, the cente
of-mass of the tetrahedron, can also be used as the center of
the projection. The resulting spectral density distribatis

very similar (see Fig. 2) and the spectral density peak feagu
cies are almost identical. This similarity of results froift d

units are possible, like NBO-Si-NBO wagging, scissorind:an ferent sets of projection vectors implicitly demonstrattest

twisting. However, these vibrations cannot cannot be eeliv

the tetrahedral distortion at high temperatures does goifsi

from Gy (H20-like) normal modes and do not play a role.dn cantly affect the resulting peak frequencies. The prajeatin
silicates. It is not considered here and mentioned only,fothe displacement vectors of an undistorted, ideal tetnatmed

completeness. 280

381
382
383
3. HgSio07 dimer ethane-like QNMs %84

385

386

would not give different results. Throughoutthis conttiba,

we use the silicon atom as reference center of the QNMs.
The QNMs are not strictly speaking orthogonal to each

other. Their projections overlap. In the case of the tetrahe

dral QNMs, this is a result from the fact that the motion of the

silicon in its oxygen cage is neglected in the QNMs (Fig. 3).

In the case oE° andvP'™, this results from the similarity

The H;Si,O7 dimer shows vibrational motions that cangot of the atomic motions. As a consequence, the QNM projec-

be reduced to Htetrahedral motions alorfé:>’ There is couss
pling of stretching vibrations across the two tetrahedtactuss
is similar to two normal modes of the,Bg ethane molecules
Therefore, the ethane-likeP'™™ symmetric stretch QNM is

tion does not exclude that some normal-mode-like motions
are recorded not only by one QNM, but in a weaker degree
also by a second one. In other words, the definition of our
QNM projections leads to a geometrically not completely de-

computed from the contributions of the six non-bridging-exy coupled recording of atomic velocity components. This pro-

gen atoms (see Fig. 1) 303

duces (artificial and usually weak) “ghost” spectral densis
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in the yJET TET in Fi T T
inthev;=" andv, =" in Fig. 2. The exchange of the refer- effect of ONM reference center

ence center from the silicon atom to the center-of-mass flips
the “ghost” spectral density from ET to vJET. This shows
that the reason for this artifact is the neglect of the motibn
the silicon atom, whose own “cage rattling” spectral dgnsit
is shown in grey. This transfer of spectral densities doés no
cause complications in the interpretation of subspectra. W
point to this effect wherever it occurs.

Si "cage rattling"
= Si as centre of QNMs
—— COM as centre of QNMs

In this study, we restrict ourselves to the analysis of the
vibrations of the oxygen and silicon atoms. The motions of .
the hydrogen atoms are not explicitly considered. This is s SN Y
justified as follows. It is well known that the spectroscopi- 0 200 400 600 800 1000 1200
cally important frequency range of 400-1100chis domi- frequency (cm)
nated by the Si-O stretching and bending motions of difflEren
silica species. O-H stretching motions occu 00cnr . . .
(e.q., ZF())tov and Kepplé?). Si%H bending mtiifgs occur at F1G: 2: FOrviET andv;ET, the difference in spectral density
about 1200 cm?.7879 As structural environment, the hydro- is demonstrated caused by using either the_ S|I|pon atomeor th
gen atoms affect the frequency of Si-O vibrations imphcitl tetrahedrgl.center-of-mass (COM) as projection refer.e_nce
Because of low mass, the hydrogen atomic positions and their center. Silicon as reference center introduces an artifical

- e CTET (4
velocities do not have to be included explicitly in the asiy di h|gh—f(rje_qu§ncy contgbsutll(_w to, (“gfht arrow) an
of the quasi-normal modes of silica structural subunitsl Al diScussed in Section - The center-oi-mass as reference

center causes an artificial low-frequency contribution to
V3 ET (left arrow). This frequency overlap results from the
éilicon atom “cage rattling” motions (grey). Throughousth
study the silicon is used as reference center. Spectra are
scaled by 1.039.

vibrational density (arbitrary units)
=
m
—

the effects of bonded hydrogen on the Si-O vibrations of the
tetrahedral units are implicitly included in our calcutats be-
cause they are included in the MD simulations. Our procedur
is only very weakly sensitive to variations in the repreaent
tion of the hydrogen bonding caused by different exchange-

correlation functionals. At 1000 K and below, as in the pn¢se

study, no Si-O bonds are broken on the timescale of our MD

runs. Only occasionally, a hydrogen atoms of a hydroxy site

is exchanged with one of the surrounding water molecules.

This has no measureable effect on the spectral density gf any. RESULTS
QNM.

The high vibrational bandwidths in all Figures result flgm  There is a large amount of information resulting from the
a combination of two effects. Firstly, the structure is @igp application of the different sets of QNMs to the differemtist
dered. This creates a bandwidth due to the damping of vibrayral subunits. We restrict ourselves to a few stretchingeso
tional modes. AlSO, it causes a variation of the exact S&UCthat appear to us of greatest importance for Raman Spectra
tural environment between every individual tetrahedron,,, A of dissolved silica and we give particular emphasis to those
the stage of averaging the results for evefydpecies, this, modes that are subject to some ambiguity in terms of band
introduces band broadening. Secondly and mainly, the, figBssignment. We present frequencies of peaks in spectral den
width at half maximum of about 200 cmh is an artifact rez,  sity, focusing on five major findings: 1) the neutral monomer
sulting from limited ensemble averaging. Longer MD rung,0ras a benchmark of the technique, 2) the evolution of the-tetra
larger cells would produce sharper subspectra, howevsy,it hedral stretches with increasing degree of polymerizagith
computationally too demanding. s the special case of &species, 3) the single Si-OH stretch-

0 ing on tetrahedra of increasing degree of polymerizatiah an

Based on the comparison of power spectra from différenthe origin of the Raman band at 970d‘"” hydrous silica,
time segments of a MD trajectory, the error of the preserk“ﬁ?ea“) the e\_/olu_t|on of the BO stretch!ng modes with increasing
frequencies is estimated to be between 10tand 30 cml polymerization and 5) the dimer with two unique modes.
depending on 1) the degree of spread of the power spectrum of
a specific quasi-normal mode and 2) on the character of the vi- In this Section, all depicted spectra and extracted frequen
brational motion. High-frequency, “stiff” tetrahedratetch«ss cies are scaled by 1.039 to account for the systematic efror o
ing vibrations have a smaller error. The Si-O-Si modes have the ab initio method used here. In Section IV A the deriva-
larger error due to the additional structural degree ofdomes: tion of this scaling factor is discussed. We evaluate thespe
of the Si-O-Si bending angle which significantly affectsvidlss tral densities in terms of their peak frequencies. In Table |
brational frequencies of the bridging oxygen (see e.g. létaat both scaled and unscaled spectral density peak frequesfcies
al.1%). a0 stretching QNMs are listed.
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TABLE II: Quasi-normal modes (QNMs) discussed in this studther QNMs were also derived, but are not considered furthe
because they are less relevant to Raman band assigmenteiinegntal studies.

Mode: applied to: abbreviation: in Figure:
single oxygen mode:
single Si-O stretch any oxygen atom - 7
tetrahedral QNMs (Tq):
symmetric stretch (4) any @'-species v]TrET 3,4,6
asymmetric stretch ¢F any Q'-species vIET 3,5
E-bending (E) any Ospecies viET 3
umbrella-bending (5 any Q'-species v ET 3
BO QNMs (H,O-like, Cy):
Si-O-Si symmetric stretch (A any bridging oxygen vBO 8
Si-O-Si asymmetric stretch ¢ any bridging oxygen v%o 9
Si-O-Si bending (A) any bridging oxygen v2O -
Q2 BO and NBO (Cy):
O-Si-O symmetric stretch (A Q2 BO/NBO pair vPs0 6
0-Si-O asymmetric stretch ¢B Q? BO/NBO pair v%’Sjo 6
0-Si-0 bending (A) Q? BO/NBO pair v;bso -
ethanelike QNMs:
symmetric stretch (4) dimer vbIM 10
asymmetric stretch (B dimer vDIM 10
. i T i T i T T T T T

A. The tetrahedral QNMs of the H4SiO4 monomer 2 The monomer tetrahedral QNMs

c

=}

The H;SIO4 monomer is a test case for the mode-projection 2

approach, because a several computational studies have cal = v v
lated the NMA frequencies to which our results can be com- & | full
pared (see Section I). In Fig. 3, the spectral densitiesefth 2 | VDOS V2 Vs Vi Vs
four tetrahedral QNMs of the }$iO, monomer are shown for S
300K and 1000K. All QNMs show a weak decreasing trend <
in frequency upon increasing temperature, as is expecied fr §
theory and experiment (see e.g. Zotov and KeppJerThe £
V] ET is at 774 cm?® for 300K and at 762 cm' for 1000K. >
These frequencies match experimental ones very closely be- AR Y -
cause both frequencies were used for the derivation of the 0 200 400 600 1000 1200
scaling factor of 1.039 (Section IVA). At 1000 KJET is frequency (cm)

at 920cml, vJET at 291 cmt andv]ET at 405cmt. The
weak high-frequency peak off ET at about 935cmt is an
artifical contribution as discussed in Section [IB5. Also in
Fig. 3, we plot literature data for comparison. These explic
itly calculated frequencies from NMA represent very Raman
intense normal modes of the monomer.

FIG. 3: Spectral density of the four tetrahedral QNMs of the
silicate monomer (1000 K and 300 K). For QNM
abbreviations see Table II. The full VDOS is plotted for
comparison. All spectral densities are scaled by 1.039 (see
Section IV A). Symbols represent literature data of monomer
vibrational frequencies with Raman activity higher than 1%
of that of thev] ET symmetric stretch near 770 cth Empty

B. Tetrahedral symmetric stretching of higher diamond: Zotov and Kepplét (bond polarizability model).
Q"-species Filled diamond: Tossell (MP2). Circles: Lasaga and
Gibbs* (Hartree-Fock). Triangles: DeAlmeida and
Higher-order silicate polymers exhibit a polymerization- OMalley?® (Hartree-Fock).

driven systematic trend in the frequencies of most vibretio

modes, which is reflected in the QNM results. This shift is es-

pecially important for the very Raman intensgE™ modes.. 2 tetrahedra for & 2 for Q!, 6 each for @ and @&, and 3
The spectral density peak frequency shifts from 761km tetrahedra for @ This improves the counting statistics of the
(Q% via 793cm® (QY) and 1103cm? (Q°) to 1149cm s peak shapes and positions.

(Q* (Fig. 4, inset in Fig. 5 and Table I1l). The broad conti- The vJET also possesses a high Raman intensity in the
bution of the G v ET will be discussed below. All calculated case of the 5SiO;, as the literature data in Fig. 3 show. It
spectra of ®-species shown in Fig. 4 are averaged overssevalso shows a polymerization-driven shift to higher frequen
eral tetrahedra of the same degree of polymerization, namelcies. Thev]ET peak frequency of &is 920cm?, for Q
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942cm?, for @2 970cm?, for Q® 1015cm? and for ¢ it | oo h"f i}‘TET 00—

is 1062cmt (Fig. 5 and inset in Fig. 5). The latter value polymerization shit ob, B EALET Sl e

is in excellent agreement to the intense experimental band a 0 20001 o'l?(;k 7

1060cnt? in pure dry silica glass which originates from the Q. O R

Q* vIET 50 There is a frequency crossovengft™ andv]ET ool e Vo
L L

with increasing polymerization (inset in Fig. 5). T@ET has
a higher peak frequency than th¢ET for low polymerized
Q°- and @-species, but lower a lower peak frequency than
the v ET for higher polymerized & and F-species (Figs. 4
and 5). The @ shows a double character.

The double character of Qs reflected in its/] ET double
peak at 888cm! and 1081 cm? (Fig. 6). The thirdv/ET LT

| I |
Q Q1 Q2 Q3 Q4

vibrational density (arbitrary units)

C S

contribution at 701 cm? is an artifact ofvE© as discussed in 800 900 1000 1100 = 1200

Section 1B 5. All six @-species used in the averaging show frequency (cri)

almost identical behavior. The two peaks of the\@ET can

be explained by the motions of the smaller O-Si-O subunits

(Fig. 6). The 888 cm? contribution arises from thePS© of FIG. 5: The polymerization-driven frequency shift of the

the non-bridging NBO-Si-NBO, the 1081 cthcontribution V4~ asymmetric stretch from ®Qto Q'-species. Spectral

stems from the analogous bridging oxygen BO-Si-8#5°. densities are scaled by 1.039. Inset: The frequency shift of
v ET andv] ET with increasing @-speciation. Note the

‘ e T cross-over of th@!ET andv/ET at @P-species.
. . . TET 0 ) 3 1
& | polymerization shift ob — Q:761cm
= 1 -1
c = Q:793cm
=] 2. -1 . T T
> — Q% 88881081 cm " w —
g — Q% 1103 et % | Q7 Origin of thev, ~ peaks
= , " 2
g -- Q:1149cni <
> g
g =
ks osio
3 s hadow: NEOV:
] shadow 0Sio
c 2 BO BO-v I
o o ofv 1
IS 5 \l,
o ©
S S
c
S
— =
400 600 800 1000 1200 1400 £
frequency (cri) >
e —
—— g S = = T T ! e
600 800 1000 1200
. . . . -1,
FIG. 4: The polymerization-drivew ET frequency shift frequency (cr)

from 762 cn! for Q%-species to 1149 cnt for Q*-species.

Spectral densities are scaled by 1.039. .
FIG. 6: The two high-frequency peaks of thé @ ET

originates from the vibrations of the O-Si-O units of the
Q?-species, namely the non-bridging NBO-Si-NBGSC
C. single Si-OH stretching and the bridging oxygen BO-Si-B@PSO. The peak at
701 cntlis an artifact due to transmission of© vibrations
into Q% v/ ET, as discussed in Section 1| B5. All spectra are

The spectral densities of single non-bridging Si-OH stretc scaled by 1.039.

ing are shown for several"@pecies in Fig. 7. Almost in-
dependent of the degree of polymerization of the respective
tetrahedron, the peak frequency is between 915'cior Q°-
species and 925 cm for Q3-species (Table I11). This finding cates the degree of polymerization of the adjacent two-tetra
is important for hydrous silica glasses, because commanly Bedra. The ®-QM-specific subspectra in Figures 8 and 9 are
band at 970 cm! has been assigned to Si-OH stretchiftf%.; mostly averages over several BO atoms. The number of BO

s atoms used for every @Q™ combination are 1 for §Q?t, 2

sss  for QL-Q2, 7 for Q?-Q3, 5 for Q%-Q%, 3 for Q*-Q°, 5 for @*-Q*
D. The bridging oxygen QNMs s« and 1 for 3-Q* The Si-O-SivE® peak frequency in Fig. 8 is

sz at about 620 cm’ for the lowest possible degree of polymer-

The different degrees of polymerization of bridging oxygenization (i.e. G-Q'). For Q-Q? it is at about 680cm!. For

(BO) atoms are described by thé-Q™ notation which indi=e  all higher polymerized bridging oxygens the peak frequency
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FIG. 7: The single non-bridging oxygen Si-OH stretching for  FIG. 9: The bridging oxygemgfo for various degrees of
different degrees of polymerization of the tetrahedron. polymerization. All spectra are scaled by 1.039.
Spectra are scaled by 1.039.

s two individual Q' tetrahedra is at 793 cm, as has been dis-
is around 780cm!. The second peak in the spectral densitycussed in Section I1IB. The ethane-lik&'M shows a rela-
of Q'-Q! at 880cm? (and to a lesser extent, forl@?) issss tively narrow peak at about 870 crh (Fig. 10). The same
an artifact as discussed in Section 1IB5. The Si-o;’gq)sss mode in the gas-phase run at 300 K was observed at 845 cm
is centered between 1050 chand 1060 cm?, with only as: (Table Ill). The peak of the'??”\" isat 783 cmlat 1000K and
slight trend towards higher frequencies upon increasirig-go at 785cm® at 300 K. Counter-intuitively, theP'™ is higher
merization (Fig. 9). This study focuses on the high-freqyen in frequency than thed'™.
silica stretching modes, therefore we do not considevffie

i T T T T T T
bending here. - | dimer ethane-like QNMs v,”: 870 cmi®
‘ : ‘ : ‘ ‘ B - = v, M 783 cm’
PR L . BO — Q1-QY TET, 1
@ | polymerization shift ob — — Q102 2 v, 1793 cm
—_ S ~ -
5 Q2-Q3 2 I\ --- v, 936 e’
> Q2-Q4 g
g —— Q3-Q3 s
£ --- Q3-Q4 2
3 — Q4-Q4 2
~ (]
= >
S ®©
g S
z s
] DIM 5
g E
@
g
> 400
-1
570 frequency (cm)

| |
800 1000

frequency (cn'ql)

el \ |
400 600

FIG. 10: The dimer ethane-like®'™ andv?'™, and two
tetrahedral QNMs for comparison. Spectra are scaled by
FIG. 8: The bridging oxygemE® for various degrees of s 1.039.
polymerization. All spectra are scaled by 1.039. Note the
frequency shift with increasing polymerization from
620 cn1 ! for Q1-Q! to about 780 cm? for Q1-Q! and even
higher degrees of polymerization. sz IV. DISCUSSION

s A. Benchmarking and scaling: The H4SiO4 monomer

E. The HgSi2O7 dimer QNMs su  Thev/ET is by far the most Raman-intense mode of the
s silicic-acid monomer and its assignment is well estabtishe

Two runs have been carried out for the dimer, changindFig. 11 and citations in Section I). Therefore, we use this
temperature and bulk/gas-phase (Table I). VIﬁéT of ther» mode for the derivation of a scaling factor to account for
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TABLE IlI: Overview over the frequency results of tetrahalind dimer stretching QNMs. The two monomer symmetric
stretch results have been used to derive an averaged sfading (SF) of 1.039. For mode abbreviations see Table I& Th
uncertainty is estimated to be about 10 to 30¢érfsee Section |1 B 5)

species, mode see unscaled freq.: scaled freq.: annatation
and run: Figure:  (cm'1) (cm™1)
VTET:
QJO, from MON-1000K 3 733 765 (SF 1.044) Exp: P8%F derived here: 1.044
QP°, from MON-300K 745 770 (SF1.033)  Exp: 720SF derived here: 1.033
Q?!, from DIM-1000K and TRIM 4,10 763 793 close td@JET
Q?, from POLY (av of 6) 6 855+1040 888+1081 two peaks. Third 4t ig0an artifact
Q3, from POLY (av of 3) 4 1062 1103 good agreement with literettdf
Q?, from run POLY (1 only) 4 1106 1149 good agreement with literef-26
VTET:
Q?b, from MON-1000K 3 885 920

, from -
QP°, from MON-300K 3 907 942
Ql, from DIM-1000K and TRIM 5,10 901 936
Q?, from POLY (av of 6) 5 934 970
Q?, from POLY (av of 6) 5 977 1015
Q?, from POLY (av of 3) 5 1023 1062
singleNBO Si-OH stretch:
Q% (Q%) 7 881 (894) 915 (929) almost no shift with incr. polym.
Dimer QNMS.
vg'M, from DIM-1000K (DIM-GASMD-300K) 10 837 (813) 870 (845) gdagreement with literatu?é
vP'M from DIM-1000K (DIM-GASMD-300K) 10 754 (756) 783 (785)

the systematic error of the ab initio calculations used dwer@®. Comparison to experimental results
and to align the calculated frequencies with the values mea-

sured in experimertt! The frequency agreement of our fe-  Because the aim of our study is to assist band assignment,
sults of about 745cmt (300K) and 733cm* (1000K) tQ,, we show our results in comparison to the work of Zotov and
published NMA results?42>31-3357.7 good (Fig. 3 and, Kepplef and Mysen and Virg® (Fig. 11). The most im-
Table 1ll). The experimental frequency of thg =" occurs, portant QNM peak frequency results are indicated. These are
at about 775:10cn .89 It is weakly temperature dependent: likely the most Raman intense modes in the frequency range
770cm ! at 300K and 765 cmt at 1000 K From these tw@,  between 600 cmt and 1200 cm?, but we do not claim com-
experimental frequencies and the results of the monomegMBJeteness. However, our findings have the potential to @xpla
runs, the frequency ratios give scaling factors of 1.044,angmportant features of Raman spectra of the system-$igD.
1.033 for 300K and 1000K (Table Ill). These factors are

in good agreement to common frequency scaling fadtors.

We used the averaged scaling factor of 1.039 throughoufthis. Behavior of v]ET and v]ET with increasing

study. 610 polymerization

&0 The vJET is a strong Raman scatterer in silica species.

For benchmarking, Figure 3 shows computed frequesncieErom all possible ®-species together, it is probably responsi-
of modes with high Raman activity from the gas-phase clusteble for the largest part of Raman intensity between 770'tm
modeling literaturé>2425These modes have a Raman inten-and 1150 cm® (see e.g. McMillah, also Fig. 11). Its vibra-
sity of at least 1% of that of the most intense mode. Theséional contribution remains localized in frequency range-d
results were calculated using various reliable technigpeszs ing increasing polymerization (Fig. 4). Thé QlTET has been
Hartree-Fock level. The scatter between these resulte+gprused by us to derive the scaling factor of 1.039 (Section IV A,
sents differences produced by different theoretical apgiies: Table Ill). The G vET is at 793 cm. This is very close to
(Hartree-Fock, MP2 and classical potential; Fig. 3). Trecsp  the frequency of & Experimental studies assign a band cen-
tral densities of the four tetrahedral QNMs used here &ovtered at 850 cm! (Fig. 11) to G-species (Myseh for simi-
ers the Raman scattering vibrations of the complefBiBys: lar assignment in potassium silicate melt see Matfzat .2%).
monomer in the spectral region of interest up to 1200%m This apparent contradiction is resolved below (Section)V F
(Fig. 3). This gives us confidence in the mode-projegtecHowever, the @ vET at about 793 cm! points to an asym-
VACF approach: The application of tetrahedral QNMg,;to metry of the @ 770 cnt ! band which can be observed in Fig-
the H,SiO, monomer produces spectral density peaks, inyre 11 (see also Dutta and Shieand Zotov and Kepplé?).
all the frequency regions where there are known Ramang3. and (F-species have been assigned to Raman intensity
spectroscopically important modes of thg3#0, monomey,; between 1100cm to 1150cm? in silica glass or sodium
(Fig. 3). « silicate glasse&#26:820yr results of 1103 cm' for Q° and
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FIG. 11: Upper part: Four experimental Raman spectra 6¥th
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tween low and high degree of polymerization (inset in Fig. 5)
may be the reason for the still debated assignment of peaks
to QP-species:?® In Raman spectra of a potassium silicate
melt, Malfait et al.?% assigned two peaks at 920 chand
1070cm ! to QP-species, based on correlated intensities. Our
two peaks at 888 cmt and 1081 cm? are in good agreement
with this. These results 1) give further evidence for the ob-
servation that ®&species produce a double pé&af’, and 2)
show that the two experimentally found ®@and are probably
caused by a double peak of thgET.

Our result of then] ET of QV-species at 920 cnt is in close
agreement to an experimental band at 925t the lowest
silica concentration (Fig. 11). The relative significantés
band decreases with increasing silica concentration. Mexye
this may be a result of increasing Raman intensity arourtd tha
band rather than a real decrease of the 925'chand (Fig.
11). A direct tracing of thesJET with increasing degree of
polymerization is not possible in the experimental spetiea
cause it is too weak.

D. Single non-bridging oxygen Si-OH stretching and the
origin of the 970cm~1 band in hydrous silica

In hydrous silica glass, there is a band at 970 &mwhich

is usually interpreted as arising from a defect structurg an
commonly assigned to Si-OH stretching of-§pecies®-20
A weak band at 910-915cm is also preseAt2°, that has
been assigned only once, to an SiOH vibration of two geminal
silanol groups (i.e., to &species)? Our results show that the
individual SiOH stretching is at about 930 cirfor Q2 and at
about 920 cm? for Q? (Table I11). This suggests that the in-

ividual SiOH stretching vibrations may not be the reasan fo
the band at 970 cnt. Also, the G v/ ET at about 1100 cmt
andv] ET at about 1015 cm' are not near the 970 cm band.
Therefore, we suggest that they are also less likely th@reas
for this band. NMR is a sensitive probe fof'Qpecies in silica
glass?330.83|t has been shown by a recent NMR study that,
besides &-species, also a significant amount of-§ecies
can be present in hydrous silica gl&8§Ve observe the]ET
of Q%-species at 970cmt (Table 1ll). However, the origin
of the 970 cnt band cannot be decided on the basis of this
point, and further investigation is needed.

1149 cm?® for Q* are in good agreement with these assign-
ments. The frequency difference between the high-frequenc

peak of @ at 1081cm? and the @ at 1103cm? is quitess
small, which will make their distinction in experiment diffi

cult, unless the lower-frequency peak of @ 888cm? is,,

E. The BO stretching vibrations

The leO is strongly dependent on the degree of polymer-

also taken into consideration (Table Ill). In Figure 11, thejzation of the two adjacent tetrahedra (Fig. 8). The weakest

extension of the high-frequency shoulder to 1100¢rand,,

state of polymerization of a BO is’@Q!, whosevE© shows

beyond with increasing silica content can be explained by an peak frequency at 620 cth The second peak of thel@!

Increase In (E)-spemes. 608
TET

The spectral density of the; =' of polymerized tetrahes
dra is narrowest when oxygen atoms of tHe<pecies are ei»
ther all non-bridging () or when they are all bridging (&,7:
but wider for intermediate Bspecies. The &species shows
the broadest spectral density (Fig. 4), with two distinchses

at about 845cm’ is an artifact of thevP'M as discussed in
Section IIB5. There is a polymerization-driven shift from
618cm ! to peaks between 780 crh and 830cm? (Fig.

9). These results agree with several experimental observa-
tions. Firstly, the experimental peaks around 600 tvan-

ish with increasing polymerization. In pure SiCthere is

(Fig. 6). This double peak and its intermediate charactet:beonly a peak in that frequency range resulting from smabiaili
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rings1-3839845econdly, in several experimental studiessthel150cni?, respectively; 2) the contribution of bridging oxy-
peak at about 630 cnt was interpreted as resulting from &i- genv\,‘,30 to bands with frequencies around 1070¢mand 3)
O-Si vibrations of weakly polymerized specie¥’?°The Ra; the vE in weakly polymerized species shows a peak around
man band around 800 cth present in pure silica may rather oo cnm?.

be explained by the bridging oxygen asymmetric stretch,than e find evidence for the assignment of several spectral fea-
tetrahedral stretchingf: Here again, the mode-projectiontegch- res that have been hitherto ambiguous: 1) tHev@ET
nique give; a consistent picture of the evolution of freques), < ows a peak frequency of about 790¢dmvhich in experi-
with changing molecular structure. o . s ments might be hidden by the strong 770¢rband of the &

The frequency of the peak center of° is at abouf, gpecies: 2) the &V ET exhibits a double-cusp band caused
1070cm* which is in good agreement to experimental py its intermediate character between low and high degree of
observation$:® It falls into the frequency region of theQ, polymerization: 3) the dimer shows a peak between 870%cm
and ¢ v{FT. Contrary tov®, the v§© does not show sig; and 850cm? resulting from the ethane-likeP'™, 3) the
nificant shifts with higher degree of polymerization. he 80 shows a peak around 600 cfonly in the case of a de-
v3™ has a high Raman intensity on the case of tR€ED7, . ree of polymerization less thar?@@?, and 4) the 970 cm?

_dimer._ It is_ Iik_ely that_ this mode keeps an imp_ortant Ramarnyang may possibly not result from individual Si-OH stretahi
intensity with increasing degree of polymerization. Thesar, (which we find at about 920 cn)

ence of this mode in the same frequency range of 1100¢m . o Lo .
t0 1150 cnrL, where most commonly only the3and -~ The technique used here is comprehensive, i.e. any species

; ' ; can be considered, including charged species. It can be ap-
species are fitted, could have an important consequencg:3 T 9 g b P

e . . fied to other subsets of quasi-normal modes, e.g. octahe-
degree of polymerization could be overestimated if all Rama a ' €9

. R S ; 75 dral ones, or larger structures such as silica rings. Ingloin
intensity in this frqulgency reggg” is explained by-@nd QLms so, it may provide insight into the origin of vibrational lzkm
species, but not by;®> as well:

50 TET ) ;77 in pure silica glass, whose Raman spectrum is quite differen
The v§° and the @ viFT peak frequencies are both be- from Raman spectra of polymerized silica species in salstio
tween 1060cm* and 1070cm? (Figs. 9 and 5). The&°,,, and glasses. Other, non-localized modes could be coneidere

peak frequency is polymerization-independent, wheregg, thas well. The precision of this technique is only limited bg th
v3=T shifts with increasing polymerization. It reaches.thelength of the molecular dynamics runs and the accuracy of the
vE© peak frequency of about 1060 ctin the case of &+, underlying framework of potential energy calculation. The
species, when every oxygen is a bridging oxygen. Thereforespecies- and mode-selective subspectra presented hepe can
the 1060 cm* band in pure silica, which has been assigned taa reliable basis for the application of experimental arialys

vET50, can as well be assigned ¥§°. #s  techniques like the principal component analysis.
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