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We report a combined non-local (PBE-TC-LRC) Density Funatial Theory (DFT) and
linear-response time-dependent DFT (LR-TDDFT) study ofdtstructural, electronic, and

optical properties of the cation-vacancy based defects in luminosilicate (AlSi) imogolite
nanotubes (Imo-NTs) that have been recently proposed on thieasis of Nuclear Magnetic

Resonance (NMR) experiments. Following numerical deterngtion of the smallest AlSi
Imo-NT model capable of accommodating the defect-induced elaxation with negligible
nite-size errors, we analyse the defect-induced structual deformations in the NTs and
ensuing changes in the NTs' electronic structure. The NMR-grived defects are found

to introduce both shallow and deep occupied states in the pstine NTs' band gap (BG).

These BG states are found to be highly localized at the defesite. No empty defect-state

is modeled for any of the considered systems. LR-TDDFT simation of the defects reveal

increased low-energy optical absorbance for all but one defcts, with the appearance of

optically active excitations at energies lower than for theefect-free NT. These results
enable interpretation of the low-energy tail in the experiental UV-vis spectra for AlSi
NTs as being due to the defects. Finally, the PBE-TC-LRC-appximated exciton binding

energy for the defects’ optical transitions is found to be shstantially lower (up to 0.8 eV)
than for the pristine defect-free NT's excitations (1.1 eV)

Keywords: inorganic nanotubes, imogolite nanotubes, defect s, DFT, TD-DFT, optical properties, photo-catalysis

INTRODUCTION

By altering the local structure and potential experienced Wgcteons in insulating or

semiconducting materials, point-defects such as atomoaweies or interstitial atoms can
dramatically a ect the physical and chemical properties of tbé&dtive host material. Control and
tuning of the properties brought about by the presence of defextt on accurate understanding of

A Non-local, Linear-Response TDDFT
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their properties at the atomic-scale, which has long motidate Zanzottera et al., 2012a,b; Bonelli et al., 2013; Amara et al.
strong e orts toward the development and application of 2015 reported. Further progress has been made in the direct
accurate, yet computationally viable, approaches for thsynthesis of methylated (AlSi-MeB6ttero et al., 2011; Bonelli
simulation of defects in solidsSgluger et al., 2003; Ganduglia- et al., 201Bor aminated (AlSi-Am) Kang et al., 204AISi NT
Pirovano et al., 2007; Lany and Zunger, 2008; Neugebauér et derivatives, with methyl (—Ck) or amine (—-NH) moieties in
2014; Walsh and Zunger, 2017; Yin et al., 2018 the NT cavity as well as in the creation of hybrid methylated
The ever-increasing demand for sustainable energy keepd(Si/Ge)-Me NTs with tuneable Si/Ge ratidnara et al., 2005
driving research in the development of alternative sustalima Selective amination of the outer surface of AISi-Me NTs has
technologies for energy production and its e cient use. Pbiot also been reportedZ@nzottera et al., 20123,bThis synthetic
catalytic materials (photo-catalysts, PCs) are centralhies¢ exibility in turn entails the possibility of widely tuning he
e orts since they can exploit solar light to access alterrgtiv NT's properties. Work along this line is ongoing and has led
highly selective, reaction routes for fuels and chemical® observation of very encouraging performances of Imo-NTs
production (Kamat, 2007; Sastre et al., 2011, 2012a,b,c; Diddr chemical separation_¢vard et al., 2010; Bottero et al., 2011,
et al., 2012; de Richter et al., 2013; Maeda, 2013; BaltsusakKang et al., 2011, 2014; Zanzottera et al., 2012a,b; Banallj e
et al., 2014; Fresno et al., 2014; Ismail and Bahnemann),2012013; Amara et al., 20)},5as support for PCsKatsumata et al.,
or environmental remediation Kujishima et al., 2008; Pelaez 2013 and as component in hybrid nanocompositéssrzan and
et al., 2012; Habisreutinger et al., 2013; Navalon et al320 Philipse, 199 In addition, recent progress in the synthesis of
In this context, the search for aordable high performance,Fe-doped AISi (and aluminogermanate) NTge et al., 2012;
highly selective PCs is an ongoing quest, with growing ggein ~ Arancibia-Miranda et al., 2014; Avellan et al., 2014; Casifial.,
and appreciation of the potential of aluminosilicate and silec 2016; Sha a et al., 20)has succeeded in introducing absorption
substrates for selective photo-catalystagtre et al., 2012a,b; of visible (and UV) light, opening new avenues for exploration
Alarcos et al., 2017; Murcia-Lopez et al., 201&s for any of the potential of Imo-NTs for both UV and visible light
other material, also the ground- and excited-state propsrdé photo-catalytic applications. Recent advances in quantgativ
aluminosilicate and silicate-PCs can be signi cantly aexttoy  structural resolution for (single-walled) Imo-NTs by Xya
the unavoidable presence of defedsifer, 1982; Novatski et al., scattering {lonet et al., 201Bis expected to further accelerate
2008; Tandia et al., 20L.1 progress in the development of technological applications based
The growing research in the photo-catalytic potential ofon Imo-NTs. A recent review on Imo-NTs can be found
3D nano- and meso-porous silicateSestre et al.,, 2012a,b;in Paineau (2018)
Alarcos et al., 2017; Murcia-Lopez et al., 2QJahd parallel In spite of the progress in the synthesis and sample-averaged
substantial progress in the synthesis and characterizatibn characterization of Imo-NTs\/ada et al., 1979; Barron et al.,
1D-structured aluminosilicate (AISi) nanotubes (NTs) éds 1982; Theng et al., 1982; Mukherjee et al., 2005, 2007; Levard
on the imogolite (Imo) structure \(Vada et al., 1979; Barron et al., 2008, 2010; Kang et al., 2010, 2011, 2014; Bottelg et a
et al.,, 1982; Theng et al., 1982; Mukherjee et al., 2005, 20@011; Yucelen et al., 2011, 2012b; Zanzottera et al., B012a,
Levard et al., 2008, 2010; Kang et al., 2010, 2011, 201érdottBonelli et al., 2013; Amara et al., 2015; Monet et al., 2018;
et al., 2011; Yucelen et al., 2011, 2012b; Zanzottera et &aineau, 2003 the current understanding of point-defects in
2012a,b; Bonelli et al., 2013; Amara et al., 2015; Monet et dimo-NTs is far from complete. To the best of our knowledge,
2019, have prompted recent exploratory computational studieshe only experimental investigation of point defects in AlSi
of the potential of Imo-NTs for photo-catalytic applications Imo-NTs reported to date appears iffucelen et al. (2012a)
(Teobaldi et al., 2009; Zhao et al., 2009; Poli et al., 2015%; 20 By combining di erent NMR techniques, the authors were able
Elliott et al., 2015 to identify ve dominant defect-structures in the AISi NTssA
AlISi Imo-NTs are structurally analogous to the naturallyexplained inYucelen et al. (2012ajhese are based on cation
occurring hydrous-aluminosilicate imogoliteC(adwick et al., (Al or Si) vacancies, cation (Al Si) substitution, additional non-
197). Their walls consist of a single layer of octahedrallystoichiometric Si atoms, and combinations of vacancies wit
coordinated aluminum hydroxide with pendant tetrahedral additional atoms (seBigure 1for the atomistic models of these
silanol (Si—OH) groups facing the tube cavitlyigure 1). The defects). Analysis of the experimental results led to thenesion
stoichiometric formula of the unit cell is (ABiO7H4)N, with N that roughly 16% of the Si atoms in the AlSi NTs are involved in
being the number of radially non-equivalent aluminum atomsdefect structure. Given the size of Imo-NTs and the chaksrig
along the NT circumference (an even number for symmetryaccurate modeling of the proposed defects at the experimental
reasons). In recent years, control over the structure andoncentrations, to date, these defects have never beeredtud
functionalization of Imo-NTs has improved greatly. Solutio at Density Functional Theory (DFT) level. Although forceld
based synthetic routes to produce single-walled AISi NTs dftudies of these defects have appeared in the literatuoe @nd
controllable radius and length have been de netfgda et al., Kang, 201} elucidation of their role for the (defective) AISi
1979; Barron et al., 1982; Theng et al., 1982; Mukherjee,et alITs' electronic and optical properties is yet to be accomplished
2005, 2007; Levard et al., 2008, 2010; Kang et al., 2010eiYucelo this end, and to sustain the growing interest in the optical
et al.,, 2011, 201¥band important post-synthetic, selective properties of Imo-NTs and their Fe-doped variantsrgncibia-
functionalization of the outer or inner surface of AISi NTs Miranda et al., 2014; Avellan et al., 2014; Sha a et al., Z0H;
(Levard et al., 2010; Bottero et al., 2011; Kang et al., 2014, 2 Castro et al., 20)6here we present a computational study of
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FIGURE 1 | Close up of the atomic structures for the pristine NT, the defcts proposed in Yucelen et al. (2012aD1-D5), and the protonated defects h-D3, h-D4, and
h-D5. Al, green; Si, yellow; O, red; H, silver. An X marker haseen used to indicate the position of the missing (Al or Si) am in the pristine lattice and of the additional
Si atoms.

the role of the NMR-inferred defect structures for the optiaal  present our results in section Results and Discussion. Rirst,

electronic properties of AISi NTs. numerically determine the smallest simulation cell capabile o
Compromising between AISi NTs' challenging size, theaccommodating the defect-induced distortions in the pregenc

necessity of simulating models su ciently large to enabldl f of e ectively unperturbed lattice regions in the NT model

relaxation of the defects and their coexistence with unpded  (section Determination of the Supercell Size). Structurallasis

lattice regions in the NT-models as well as the far from stlve of the optimized models is presented in section Optimized

challenges in accurate simulation of excited states pragserti Defect Structures, followed by characterization of thedcetonic

for solid-state systemssnze et al., 1995; Ghosez et al., 1997 roperties (section Electronic Structure of the DefectivesNT

Onida et al., 2002; Bernasconi et al., 2011, 2012; Tomic,et ahe calculated optical absorption properties are presented in

2014; Ullrich and Yang, 2014; Casida and Huix-Rotllant, 201&ection Optical properties of defects and discussed with réspec

Strand et al., 20)9here we turn to a recent implementation to available experimental UV-vis spectra for AlSi NTs. We wgall

(Strand et al., 20)%f a non-local [PBEO-TC-LRGZuidon etal., present our conclusions in section Conclusions.

2009], linear-response [LRGasida, 2009time-dependent DFT

(TDDFT) approach in the Tamn-Danco approximation [TDA

(Hirata and Head-Gordon, 199p that enables computationally METHODS

viable LR-TDA-TDDFT simulation for model systems of roughl The Atomic Structure of the

1,000 atoms. Although of nite accuracy, especially for th MR-Inferred Defects

optical properties of defect-free NTs (vide infra), the approac - .
P prop ( ) P or our computational study, we started from the atomic

rovides an arguably reasonable and timely rst step in th . )
P 9 y y P structure of the ve main defects inferred from NMR

elucidation of the optical properties of Imo NTs and defects . .
therein, contributing to research in Imo-NTs and, more geaiby, experiments on the AISI Imo-NTsv(ucelen et al., 201y.aThey

to the ongoing work on accurate yet viable simulation of i can be seen iffigure 1and are described and labeled as follows:

state properties in defective solids, NTs included. D1 is a single Al-vacancy. By disrupting the gibbsite Al(QH)

The paper is organized as follows: after presentation of backbone of the NT, D1 introduces additional Al-OH dangling
the atomic composition and structure for the NMR-inferred  groups in the NTs framework, which would otherwise not be
defects and computational methods used (section Methods), we present in the defect-free NTs.
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TABLE 1 | Stoichiometric formula and resulting charge for the consiered defect (Perdew et al., 199@pproximation to the exchange-correlation
models. (XC) functional, and separable (Kleinman-Bylander) norm-
conserving pseudopotential&¢nze et al., 199 ¥or the atomic

#Defect Model stoichiometry Net charge

core levels. The adopted kinetic energy cuto was 1,000 ed/4an
D1 (AbSiO7H,)71 SIAIO;Hy 0 (9) valence Non-Orthogonal Wannier Functions (NGWFs) were
D2 (AbSiO;Hy)71 S AlOgH5 0 used for the O (Al, Si) atoms. 1 NGWF was used for the H
D3 (AbSiO7Hy)71 SiOsH, 4 atoms. In all cases, no truncation of the density ker#eé) was
D4 (AbSiO7H4)71Sir O7H, 2 enforced. The localization radius for the valence NGWFs &vas
D5 (AbSIO;H4)71Si0sH, 4 Bohr. All simulations were performed with periodic boundary
h-D3 (AbSiO7H4)71Si0O5Hg 0 conditions ensuring at least 15 A vacuum separation between
h-D4 (AbSiO;Hg)71SipO7Hg 0 replicated images along the non-periodic directions. Along the
h-D5 (AbSiO;Ha)71 SiOgHg 0 periodic direction of the NT, the simulation cell contained¢ke-

fold (x3) replicas of the NT along its axis (optimized 8.665
A period), yielding models of 1,000 atoms. This choice is
extensively discussed and motivated in section Deterrionat

D2 presents an additional Si-atom in the inner wall of the ! . .
NTs, leading to the occurrence of a Si-O-Si bridge in thPf the Supercell Size. Geometry-relaxations were perforneed v

inner wall of the NTs. It is worth recalling that the pristine tr:e q#asi(—BNtladv;/toS gﬁtimizationngherlne t_)f;sefd on the Bro;llden-
NT do not contain Si-O-Si bridges, but only pendant silanoIFetC er-Goldfarb-Shanno (BF ) algorithfffommer et al.,
(Si-OH) groups. 1997). All the atoms of the defective NT-models were left free

D3is a double Al-vacancy in the outer gibbsite layer of the NT;O relax. Theo%%om:e/t/r}i/ ogtlml_zatlon th_rﬁShr?ld fgr the atofmlc
NMR data (fucelen et al., 201Psuggests the condensation orces was 0.05 eV/A. Consistent with the absence of any

of two Si-OH groups with formation of aelongatedsi-O-Si dangling bonds (vide infra), single.t spin-.states were 'temdnb
bridge, which we also included in our initial geometry aheéd energetically favored over alternative spin-polarized tahs.

geometry optimization. In the absence of structural relaat
for the rest of the NT-atoms, the elongated nature of the geid Hubbard-Corrected, Non-local DFT, and LR-TDDFT

; : ; Simulations
leads to an unusually large Si-O-Si angle of 1&8d partially ! . -
stretched (1.73 A) Si-O bond lengths. Following geometry relaxation, the optimized defect modedse

D4 comprises one Al-vacancy in the outer wall, and one extrjS€d for single-point non-local hybrid DFT and LR-TDDFT
Si-atom in the inner wall of the NTs. As for D2 and D3, alsos'm"""’ltlons using the.CPZK pac.kagb’aﬁdeVondeIe et aI..,

D4 contains an additional Si-O-Si bridge not present in the?009. CP2K uses a mixed (_Saussu_in and plane wave basis set,
pristine NT structure. where atom-centered Gaussian orbitals are used to represent t

D5 consists of two neighboring Al-vacancies. In contrast tc)wavefunction, while the electronic density is representecivy

D3, no Si-O-Si bridge is present, leaving two Si-OH group§XpanSion of plane waves. .
dangling around the double-vacancy site. Through all our calculations, we used Goedecker-Teter-

Hutter (GTH) norm-conserving pseudopotentialss¢edecker
Table 1 reports the stoichiometry of the defect models foret al., 199%to model the electron-ion interactions. We adopted
the adopted x3 periodic repeat of the NT (vide infra, sectiorthe molecularly optimized (MOLOPT) DZVP-SR basis set
Determination of the Supercell Size). Given the water-phasg/andeVondele and Hutter, 20)for all atoms and the auxiliary
synthesis of the AISi NTs\{ukherjee et al., 2005, 2007; Levarddensity matrix method (ADMM) (uidon et al., 2010 to

et al., 200§ it is inevitable that counter-cations or protons compute the exchange integrals, using the cpFIT3 basis set for
(in the water solution) will compensate the negative chargeall the elements present in our systems.

of D3, D4, and D5. These considerations prompted us to Hubbard-corrected (PBEU) simulations were also
model three additional structures, one for each negativelperformed with the CP2K code applying an isotropic
charged defect, neutralizing the original negative exceasge 7 eV correction on the 2p subspace of the O-atoms. Uhealue

by protonation of the defect-site. These structures, label®3, was taken from earlier benchmarked studies of Al-doped bulk
h-D4 and h-D5 are also displayed iRigure 1 Inclusion in the  Sj02 (Nolan and Watson, 2006; Mao et al., 2D17

simulation of larger counter-cations [possibly Keggins i@ss For hybrid DFT and LR-TDDFT simulations, we used the
experimentally observed during the NT synthesisigey, 2006 PBEO-TC-LRC XC-functionalGuidon et al., 2000with 25%
was not considered due to the prohibitive computational cdst oHartree-Fock (HF) exact-exchange mixing and a real-space cut

this approach. o of 8 A, beyond which a long-range correction [based on the
spherically averaged PBE exchange hateferhof and Perdew,

Computational Methods 1999] is used.

Geometry Optimization Optical spectra were computed both at the independent-

Given the extended dimension of the systems considerdgd00 particle level making use of the Fermi Golden Rukeéd and
atoms) all the defect structures were optimized using théleeds, 1991; Motta et al., 2Q1a&nd via the linear-response
Linear Scaling DFT program ONETERSKylaris et al., 2005; (LR) time-dependent DFT (TDDFT) formalismO@asida, 2009
Haynes et al., 2006; Hine et al., 2009, J0with the PBE recently implemented, in the Tamn-Danco approximation
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[TDA (Casida, 2009, in CP2K by two authors of the present
paper Gtrand et al.,, 2099 In all cases, the rst 60 virtual
states were converged for each defect structure using a cut
of 500 Ry. The absorption spectra were reproduced using
Gaussian broadening of 0.3eV. Consistent with the closec
shell ground-state for the considered systems, and bas
on the expected extremely low probability of a singlet tg
triplet transition due to spectroscopic selection rules, only
singlet excitation were considered in the LR-TDA-TDDFT
calculations. The real space cuto of 8 A was numerically
tested to best compromise between (i) convergence in eiaitat
energies (50 meV) and absorption intensities (5%) su cient to
discriminate between the main features in the simulatedazpti
spectra, and (ii) practical viability of the simulations oneli®
High Performance Computing resourceSigures S1, S2n the
Supporting Information).

Depending on the choice of the method used to simulaté
optical absorption, di erent quantities were calculated ané a
accordingly displayed. For the FGR approach, we computed th
imaginary part of the dielectric function"§). Conversely, for
the LR-TDA-TDDFT approach, we computed the absorbanc
(e, L mol I cm 1) from the calculated oscillator strengths for
each optical excitation following the standard procedure régb
in http://gaussian.com/uvvisplot/.

RESULTS AND DISCUSSION

Determination of the Supercell Size
When simulating defects by means of periodic DFT simulation
approaches as used here, the size of the periodic cell corgaini
the defect is one of the critical aspects to be numericallglobe.
To reduce the computational cost without introducing ( nite
size) errors in the simulations, the simulation cell shobklas
small as possible yet capable to preserve bulk-like, unpedurb
regions around the defect site following structural retéa

For this initial benchmark, we focused on D1. The optimized
structure of the AISi NT inYucelen et al. (2012424 Al-atoms
in the circumference, 336 atoms in total) was modi ed to reep
the same D1 composition and structure derived from the NMR
study inYucelen et al. (201287 he same procedure was repeateq
for two larger systems made up by two (672 atoms) and thre
(1,008 atoms) NT-repeat units, respectively.

The structure of these three di erently sized models of D1
was optimized by fully relaxing all the atoms in the simulatio
cells. We then analyzed the defect-induced atomic-dispiecés
as a function of the distance from the defect sikég(re 2A).
For a suitably sized model, the regions furthest from theedef

A ss
A L]
= 10° A tolerance

A NN
B SNN
® FS
a

0.4

)|
ed 0.3

<Ar> (A

D

.............................................................................

1%

3 4
# Defect

FIGURE 2 | (A) Computed average atomic-displacements from initial bulkike
positions (L ri, A) for the optimized D1 model as a function of the number of
NT-repeat units in the simulation cell (supercell dimensi). See text for the

€de nition of the NN, SNN, FS, SS, and TS labeling for the diffent group of
atoms as a function of their distance from the center of the DHefect. (B)
Front and side view of the x3 AISi NT model hosting D1. The atosthave been
colored as a function of theirhl ri value. Same color labeling as irfA). (C)
Computed Hl ri for the D1-D5 models (x3 supercell).

site should maintain the same atomic structure as in the perfe shell(FS) Accordingly, the FS group does not include NN and

defect-free, system. SNN atoms. The same approach has been used for atoms within
To facilitate the analysis, the NT-atoms were divided ina 15 A (second shel§9 and 20 A (third shell,TS) distance

di erent groups based on their distance from the defect-centefrom the center of the defect-site. The computed displacements

(Figure 2). The atoms directly bonded to a missing atom in thefrom the initial bulk-like positions were then group-averaged

defect structures are referred to as nearest neighfddky. The obtaining thehl ri values shown ifrigure 2

atoms separated by one bond from the NN atoms are marked The simulation-cell containing two AISi NT repeat units

second nearest neighbo(SNN). The atoms within a 10 A shows small but non-negligible displacements for the SS and

distance from the defect-sites (but further from the defeeter TS atomsiflri 10 2 A. Conversely, the supercell containing

than the SNN atoms) have been inserted in a group called rsthree AISi NT repeat-units presents negligititeri 10 2 A
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values for all the (FS, SS and TS) atoms further than the SNNucelen et al. (2012alpon DFT-relaxation, the stretched Si-
group. The extremely small displacements for the TS atom®-Si bridge breaks and the O-atom relaxes toward the closest
demonstrates that the simulation cell with three NT repeaitsin - Si-atom leaving a negatively charged deprotonated O-atora. Th
su er from very limited (i.e., negligible) nite-size e ectand computed barrier-less breaking of the originally elongatéd S
enable modeling of regions of the defective NT with a pristineD-Si bridge is accompanied by extensive reorganization ef th
unperturbed structure. AlOg octahedron closest to the defect site. This relaxation in

The same analysis was repeated also for all the others diefectsurn leads to condensation of aJ® molecule, which remains
Table lusing the largest x3 simulation cell. The results are shownoordinated to one Al-atom with additional hydrogen bondin
in Figure 2B. Exception made for D3, the average relaxationcoordination (1.53 A distance) to one deprotonated O-atom
displacements for the atoms further than the SNN (izel5 A  from a neighboring Al-octahedron. This geometry was found t
away from the defect site) are in the order of £0A or less be energetically favored by at least 0.4eV over the altemat
for all defects D2 to D5. The largéd ri values for D3 can be geometries studiedqgure S3in the Supporting Information).
ascribed to its more extended structureigure 1), leading to a The nal structure for the protonated defects (h-D3, h-D4,
longer-range perturbation of the host lattice. The computiégdi  h-D5) are relatively similar to their charged correspondent
< 10 2 A value for the TS atoms (further than 20 A from the However, the presence of additional hydrogen-atoms aroined t
defect center) of D3, nevertheless suggest rather comtanite-  defect sites leads to condensation of an additiongDkholecule.
size e ects also for this defect, when modeled in a x3 supertell ¢n all cases, the formed #0 molecules remain coordinated the
the AISIi NT. Al-atoms nearest to the center of the defects.

Overall, the results ifrigure 2A demonstrates that, foratoms  Given the strong sensitivity to proton environments in the
belonging to the TS groups (hence furthest from the defectexperiments inYucelen et al. (20124} is possible the deviation
site within the periodic simulation cell), the defect-indit between the NMR proposed structurdigure 1) and DFT-
perturbation are very e ectively screened, leading to nélgleg optimized one for D1 and D3FKigure 3) may be due to the
displacements from bulk-like positions. On the basis of thestck of solvent (HO) and/or counterions in the simulations.
results, a x3 simulation cell with three NT repeat units wasrhe prohibitive computational (memory) cost of simulating the
used for the electronic structure characterization. Thimice present models in the presence of explicit solvation, and the
permits to simulate defects concentrations involvind0% of unavailability of DFT-benchmarked force- elds for defedn
the Si-atoms in the cells (for D1), which slightly underssites  AISi NTs, prevent us from further investigating this aspeltt
the experimentally determined value of 16%ucelen et al., is however worth of specialist method development work.
20123. Accordingly, and pending limitations of the adopted To provide a more quantitative analysis of the optimized
PBE XC-functional and neglect of solvent in the simulatighe  defect structure, we next consider their e ects on the thrgeety
considered models should provide a reasonable representttio (Si-O, Al-O, O-H) of bonds in AISi NTs. Given the computed

the defects in AISi NTs. small average-displacemertL (i) for atoms further than the
o FS group Figure 2), we limit the present analysis to the atoms
Optimized Defect Structures belonging to the NN and SNN groupssigure 4 reports the

The atomic structure for defects D1 to D5 irvucelen computed average change in Al-O, Si-O, and O-H bond-lengths
et al. (2012awere obtained from a combination of several( 1 d) for the atoms in the NN and SNN groups i.e., those closest
NMR techniques (H-29Si andH-27Al FSLG-HETCORH to the defect-center. The raw data for this analysis can bado
CRAMPS, and'H-2%Si CP/MAS”),without further re nement  in the Supporting Information Table SJ.
via energy-based geometry optimization. In the following, we In general, the presence of cation vacancies in the AISi
accordingly analyse in detail the role of (DFT) energy-bdaseNTs framework causes larger changes in the external Al-
geometry optimization (in vacuo) for the atomic structuretbe O octahedral layer than in the inner Si tetrahedrons. The
defects D1 to D5 both qualitatively and quantitatively. change in length of the Al-O bonds for the NN, SNN atoms
The optimized structures for the D1-5 and h-D3-5 defects arevaries from case to case. Whereas, the computed deviations
shown inFigure 3. The D1 optimized structure presents a waterfor the Al-O bond-lengths in the NN and SNN groups lie
(H20) molecule coordinated to an Al-atom adjacent to the defecin the 3-10% range ( 0.02 0.15 A), those calculated
site. The formation ¢ondensationof one Al-coordinated HO  for the stronger Si-O bonds are consistently smaller than
molecule is due to the transfer of one H-atom from a danglingd.01 A.
—OH group to an adjacent one. As for D1, also optimization of Owing to the creation of alternative local hydrogen-bonglin
D5 leads to condensation of one,8 molecule that remains patterns and/or condensation of 4 (D2, D4, h-D4. h-D5 in
coordinated to one of the Al-atoms closest to the center ofigure 3 the occurrence of these defects in the NTs induces

the defect-site. substantially larger relaxations (up td d >0.25 A values
Optimization of the D2 structure leads to local re-organiaat  in Figure 4).
of the local hydrogen-bond network both inside and outsite t It is useful to note that the modeled barrier-less;®

NT-cavity with no H,O condensation. A qualitatively similar condensation is found to take place only in defect structdioes
relaxation (rearrangement of inner and outer hydrogen bimgd ~ which the O-O distance between adjacent Al-OH dangling grou
network with no H,O condensation) is found also for D4. or between an AI-OH dangling group and a pristine Al-O(H)-
Also for D3, the optimized geometry presents noticeablél bridge is<2.5 A. In D2, D4, and h-D4 the presence of an
di erences with respect to the NMR proposed structure inextra Siatom increases the distances between the close$indang
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FIGURE 3 | Close up of the optimized atomic structures for the pristindNT, the defects proposed inYucelen et al. (2012a(D1-D5), and the protonated defects h-D3,
h-D4, and h-D5. Al, green; Si, yellow; O, red; H, silver. To hlight changes from the initial structures ifFigure 1, an alternative atom-coloring has been used for the
dangling -OH groups closest to the defect sites, condensed HO molecules, perturbed hydrogen-bonding patterns, and theSi-O-Si bridge in D3 (O, magenta; H,
cyan; Si, tangerine). An X marker has been used to indicate ¢hposition of the missing (Al or Si) atom in the pristine laté and of the additional Si atoms.

FIGURE 4 | Computed average change in Al-O, Si-O, and O-H bond-lengthgl di, A) for the NN ( lled symbols) and SNN (empty symbols) atoms aa function of
the defect-model studied. The adopted reference for each bod type is reported inTable S1 in the Supporting Information.
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Al-OH groups. Provided this condition is not fullled, no exact-exchange mixing) and PBE calculated LDOSKigure 5
barrier-less HO condensation takes places during the geometnand Figures S4—-S7n the Supporting Information) reiterates a
optimization. However, and interestingly, the absence @OH rather weak dependence of the contributions to the VB-edgk an
condensation during the relaxation of D2, D4, and h-D4 iswho  defect-states on the given approximation to the XC-functiona
in Figure 4 to lead to an overall larger structural relaxation A partial exception to this trend is represented by application
around the defect. Altogether, these results suggest th& H of 7 eV Hubbard corrections on the O-atoms (2p subspace) of
condensation in non-stoichiometric defective AISi NTs i3 a D2 and h-D5, which results in a slightly enhanced localaati

e ective mechanism to reduce the spatial-extent of pertudrati of the defect-states. In spite of these small di erences,hall t

to the NT-lattice, thence strain. computational approaches used agree in predicting the defect
) ) states localized at the defect-site.
Electronic Structure of the Defective NTs To further support this statement, we re-optimized the

As noted above, to the best of our knowledge, the electronistructure for two selected systems, namely the single Al-
properties of the NMR-inferred defects iucelen et al. (2012a) vacancy (D1) and the mixed Al-vacancy/additional Si system
have not been previously considered in the available liteeat (D4) at both PBEO-TC-LRC and PBEJD7eV level. New
on imogolite, which motivates our interests in the subjectFigure S8 in the Supporting information provides a visual
and this section. Based on (i) the negligible defect-inducecomparison between the PBE, RBE and PBEO-TC-LRC
structural distortion computed for the NT-regions farthdsbm  optimized geometries for D1 and DBigure S9n the Supporting
the defect-sitesHigure 2), suggesting coexistence of both defectinformation provides a quanti cation of the deviations of ¢h
sites and nearly unperturbed NT-regions in our models, andPBECU and PBEO-TC-LRC optimized geometries from the
(ii) the encouraging accuracy of PBEO-related XC-funatisn PBE-optimized one.
in calculating Kohn-Sham BGs5(idon et al., 2009, 20),0we With average deviations smaller than 0.15 A even for the
expect our results to provide a reasonable approximation of thBlearest Neighbors (NN) atoms (that are directly bonded to
real NTs (in vacuo). a missing/additional atom), the PBEO-TC-LRC geometries ar
Figure 5reports the computed total Density of States (DOS)ound to be in good agreement with PBE results. As shown in
and defect-site resolved local DOS (LDOS) at both PBEigure S&he deviations are mostly due to small changes in bond-
and PBEO-TC-LRC levels. Depending on the defect and itsrientations as well as hydrogen bonding patterns. ConWerse
protonation, shallow (h-D5) or deep (D1, D2, D3, D4, D5,h-D3,use of a rather aggressiv®®W eV correction for the 2p subspace
h-D4) occupied states are introduced in the NT's BG. The empui of the O-atoms is found to induce somewhat larger di erences
reduction of the energy gap between the highest-energymedu between PBE and PBEJ optimized geometries for D1 and D4
state and lowest-energy empty state is found to be highlyithems (up to  0.25 A average displacement for the NN atoms of D4).
to the defect composition and structure, with values randiogn ~ The substantially larger (0.35 A) average displacement for the
0.25eV (h-D5) toup to 4.12eV (D3). NN atoms of D1 at PBEU level is due to the absence of water
Comparison between the results for the D3-5 defects and theaondensation for the PBEU optimized geometry, in contrast
hydrogenated counterparts (h-D3-5) indicates that protémat with PBE and PBEO-TC-LRC results.
is e ective in turning the deep defect-states of (D3-5) into As the UD 7eV O(2p) correction was parameterized on
shallower ones (h-D3-5), with changes as large as 1.5 e\ggoiexperimental data for hole band-gap states in Al-doped»SiO
from D5 to h-D5. For D4, protonation of the defect site leads(Nolan and Watson, 2006; Mao et al., 2)1@ system not
to shift of the defect states closer to the Valence Band edgentaining AI-OH or AI-OH, fragments, we are inclined
and on the SNN atoms. These results hint at the possibilityo consider the agreement between PBE and PBEO-TC-
of controlling the energy of the defect states, thence théesNTLRC results (leading to water condensation) as a robust
electronic properties, by altering the pH of the solution thebenchmark of the initially proposed PBE results. Regardless
NTs are dissolved in. Although, the absence of implicit orof these specialist and perhaps secondary dierences, the
explicit solvent (and control of pH conditions) in our simulahs  good agreement between the dierently calculated (L)DOS
prevents us from drawing rm conclusions on this subject,sthi (Figure 5 and Figures S4, S5, S)0and real-space localization
result may motivate further experimental research in the pH-lots (Figure 6andFigures S6, S7, S}for D1 and D4 reiterates
dependence of Imo-NTs' optical spectra [not consideredifim a  the conclusion that, pending minor quantitative di erencéuet
etal. (2016andSha a et al. (2019) physical picture provided by PBEO-TC-LRC re nement of PBE-
In all cases, the computed LDOS traces indicate dominardaptimized geometry o er a good compromise between absence of
contributions to the occupied defect-states from the NN andmajor artifacts and computational costs, at least for theesyist
SNN atoms closest to the center of the defects. Thus, @&®nsidered here.
shown in Figure 6, the occupied defect-states turn out to be Altogether, the marked localization of the occupied defect-
highly localized at (or around) the defect site. Converstig states, and the computed delocalization of the CB-edge
computed (L)DOS indicate that, for all cases, the CB-edg@-igures§ 6) hint to the possibility of defect-mediated
remains delocalized on the unperturbed NT, being dominated bseparation of photo-generated e-h pairs via energetically
contributions from the atoms furthest from the defect-site advantageous relaxation of holes to di erent defect-sitethi
In spite of quantitatively dierent BG valuesF{gure 7), NTs. Thus, and pending the actual electron (hole) transfer
comparison between the PBE, PBEO-TC-LRC (25 and 12.5% Htinetics which may hinder such separation process, the present
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FIGURE 5 | Fermi-energy () aligned PBEO-TC-LR((left) and PBE (right) DOS for all the defects simulated. NN-, SNN- and (FSSSCTS) resolved local-DOS
(LDOS) are also displayed. The energies have been referemt® the highest occupied Kohn-Sham states and the (L)DOS havbroadened via 0.1 eV Gaussian
smearing. All the computed systems are insulating with nodctional occupancy: occurrence of LDOS traces beyond E is due to the applied smearing.

results suggest that cation-vacancies in Imo-NTs couldigklir  limited (300 meV) system-dependent deviations between the
reactive photo-oxidation centers. In addition, the presente two datasets.
occupied defects states in the BG for defective NTs strengthe  As shown inFigure 7, for the pristine NTs, the calculated BG
earlier suggestions_¢vard et al., 2010; Yucelen et al., 2012bis 5.3eV and 8.0eV at PBE and PBO-TC-LRC level, respectively.
regarding the potential of Imo-NTs as hole-scavengers folhe calculated PBE value of 5.3 eV is in quantitative agreeme
molecular photo-catalysts grafted on the NT's wall. with earlier results at a similar level of theoh(ao et al., 2009
Finally, for the specialist reader we quantify the deviadionand underestimated with respect to the expectedly more ateura
between PBE and PBO-TC-LRC results for the BGs of theBO-TC-LRC value. Experimentally, aluminosilicate NTs fwit
considered systems. As showrHigure 7, not unexpectedly, the 16% of Si atoms involved in defectsucelen et al., 201}a
PBE-calculated BGs are substantially smaller than the RBO- are observed to start to absorb light at roughly 4.1 eV (30D nm
LRC ones with deviations in the 2.43-2.73 eV range depending ovith a low-energy absorbance shoulder at roughly 5eV (25 nm
the defect. However, and in spite of the expected underesomat preceding a marked increase in the absorbance at 5.5-6.2eV
of BGs, the calculated relative energies and amplitudes of ti{g25-200 nm) $ha a et al., 2015 Tauc-plot processing of the
PBE LDOS traces, especially for the occupied states, are erperimental spectra leads to suggestion of an “optical gap”
very good agreement with the PBO-TC-LRC onégg@re 5. of 4.9eV for the pristine (direct gaghao et al., 20Q%lliott
This result points to a reasonable performance of the PBEt al., 201pNTs (Sha a et al., 2015 The marked overestimation
functional for the simulation of the relative energy- andake (3.1eV) of the PBO-TC-LRC BG with respect to the low-energy
space localization of occupied cation-vacancy states inlh®- features in the experimental absorption spectra point to pogsibl
Not unexpectedly, the results for 12.5% HF mixing are foundtrucial roles of both existing defectg(celen et al., 201pand
to lie in between the PBE and PBEO-TH-LRC (25% HF mixinggxcitonic relaxations llIrich and Yang, 201} for the optical
values. Interestingly, BG values for 12.5% HF mixing appedroperties of aluminosilicate NTs. In the following Sectioe w
to be very similar to the PBEUD7 eV results with relatively investigate both these points.
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FIGURE 6 | Close up of the optimized defect geometries together with th density-plot of their highest-energy occupied Kohn-Shanstates (magenta). Same atomic
color labeling as inFigure 1. An X marker has been used to indicate the position of the missg (Al or Si) atom in the pristine lattice and of the additiah Si atoms.

Optical Properties of Defects LR-TDA-TDDFT spectra at PBEO-TC-LRC level that have been
In spite of the growing interest in imogolite NTs, characsation  computed with that the least aggressive approximations among
of their optical properties has not been as systematic as tlky stuall the di erent combinations presented. All the neutral srst
of their synthesis and potential for chemical separation. i@ t (pristine NT, D1, D2, h-D3, h-D4, and h-D5) are computed
best of our knowledge, the only UV-vis optical character@mati to present a main absorption peak between 6.5 and 7.5eV.
of puri ed (pristine and Fe-doped) imogolite NTs' samples to Conversely, for the negatively charged defects (D3, D4, b&)
date have been published iBhaa et al. (2015)and Shaa compute absorbance peaks at lower energy, with D5 presenting
et al. (2016) Also to the best of our knowledge, simulationa 4.5eV absorption peak. Interestingly, depending on the
of the optical properties of imogolite nanotubes beyond thechemical composition (and charge) of the defect, the computed
independent-particle Fermi Golden Rule (FGR) approximatiorabsorbance peak can be both red-shifted (D1, D2, D3, D4, D5)
[with the PBE functional Elliott et al., 2016; Poli et al., 2016 and blue-shifted (h-D3, h-D4, h-D5) with respect to the défec
is yet to be explored in the literature. To contribute to thisfree NT's absorbance.
knowledge gap, we next investigate the optical properties of the Comparison between the calculated spectra suggests a larger
defective NTs-models at di erent level of theories, analgzim  low-energy optical absorbance with respect to the pristinefdils
detail the role of the XC-functional (PBE vs. PBEO-TC-LR@J a all the defective structures but D3, whose low-energy alzsurd
optical excitation approach (FGR vs. LR-TDA-TDDFT) for theis computed to be strongly suppressed with respect to the defect-
simulated results. free NT (Tables S5, S1in the Supporting Information). Thus,
Figure 8reports a comparison between the LR-TDA-TDDFT the simulations suggest defective NTs sections to absonte mo
and FGR spectra computed at both PBEO-TC-LRC and PBE lev@ht than defect-free sections. As shown kigure 8A, the
for all the considered defects. We start our analysis from thealculated absorbance for D1, h-D3, h-D4, h-D5 is 10-20 ¢ime
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UV-vis spectra on the pH conditions would be highly desirable
to validate (or confute) the PBEO-TC-LRC, LR-TDA-TDDFT
predictions. Recording of spectra below 200 nm would be also
highly desirable and strongly contribute to the ongoing Wwéwr
development of TDDFT strategies to excitons in soli@siize
et al., 1995; Ghosez et al., 1997; Bernasconi et al., 20di¢ To
etal., 2014; Ullrich and Yang, 2014

We have also quanti ed the role of HF mixing (25% as
per original PBEO-TC-LRC and 12.5%) for the calculated LR-
TD-TDDFT optical properties. To this endrigure 9 reports
a comparison between the PBE, PBEO-TC-LRC (12.5% HF
mixing), and PBEO-TC-LRC (25% HF mixing). In general,
reduction of the HF mixing from the original 25-12.5% leads
to a decrease of both the energy and intensity of the optical
absorption peaks. The relative energy and intensity ranking
for the defect considered remains qualitatively unaltergd b

FIGURE 7 | Comparison between the calculated BGs for the considered reduction of the HF mixing. The only exceptions to this trend
systems at PBE, PBEO-TH-LRC, PBEU, and PBEO-TH-LRC (12.5% HF are the h-D3 and h-D4 systems that, for 12.5% mixing, are not
mixing) level.

computed to have the 2nd and 3rd largest absorption peak (as
for 25% HF mixing). Decrease of HF mixing from 25 to 12.5%
is found also to lead to disappearance of a well-de ned low-
larger than for the defect-free NTs. Instead, for D2, D5, &t energy shoulder for D1 and D2, indicative of a di erent energy
the absorbance is twice or comparable to the defect-free NTistribution for the optically active electronic excitati® in the
Although an immediate connection between the local cheiicasystem. In spite of the quantitative dependence of the cakdila
bonding in the defects and the value of the absorbance cdmmot spectra on the HF mixing in the hybrid-DFT approach, the
easily drawn, it is interesting to note that protonation of 34, results of this benchmark strengthen our earlier assignnaén
and D5 defects (likely for the defective NTs in water solut&s  the experimental low-energy absorption onset [4.1-6.2 8Wa(a
slightly acidic pH as the defect is negatively charged) resunlt et al., 201} being due to the NMR-inferred defects in the NTs.
increased optical absorbance. We believe these resultsatoti  We next consider the di erence between the calculated PBEO-
further experimental research in the pH-dependence of ImoTC-LRC Kohn-Sham BGs and the lowest energy LR-TDA-
NTSs's optical properties, an aspect not considere8lim a et al. TDDFT excitation as a rst approximation to the exciton bindjn
(2016)andSha a et al. (2015) energy in the defective NTs. As explainedUiirich and Yang

Before discussing the results of the simulations againg2014) (Figure 2 and related discussion), the approximation
published experiments, we recall that as per the NMR studgtems from (i) the PBEO-TC-LRC BG being used instead of
of Yucelen et al. (2012aup to 16% of Si atoms are involved the true quasi-particle ggpand (ii) the approximated PBEO-
in a cation vacancy defect and that defects D1 to D5 shoul@C-LRC description of the many-body e-h interactions leadin
be simultaneously present in the NTs. That is, defect-free NTto stabilization of the exciton (as measured by the exciton
are not expected to exist, at least for the currently avalablbinding energy). Therefore, although encouraged by previou
synthetic routes. We also recall that, experimentally, N$s  successful applications of unscreened non-local XC-funet®
start to absorb light at roughly 4.1eV (300nm) with a low-(e.g., B3LYP) with non-local long-range terms in the xc-karn
energy absorbance shoulder at roughly 5eV (250 nm) precedin(fk) (Bernasconi et al., 2011, 2012; Tomic et al., 2014; Ullrich
a marked increase in the absorbance for energies larger thamd Yang, 201y a note of caution is in place, especially in the
5.5-6.2eV (225-200 nm¥fia a et al., 2015 absence of many-body benchmark results on defective Img-NT

Based on the computed PBEO-TC-LRC, LR-TDA-TDDFTtrue quasi-particle gap, a quantity not available in the litera
spectra inFigure 8A, it is tempting to tentatively interpret the and well beyond our computational resources. Moreover, due
shape of the experimental spectra in the 300-200 nm (4.1-6.2 el¢) the use of real-space cut-o for the exchange integrals in
region as being due to convolution of the progressively largeour simulations at PBEO-TC-LRGS(idon et al., 2009; Strand
absorbance peaks of D5, D4, D2, and D1, with the defectt al., 201} the use of a long-range (semi-local) correction may
free NTs contributing -but not dominating- the absorbance prevent quantitative description of di use excitations leaglito
around 7eV. As a direct consequence of the present resultsighly delocalized electron-hole pailS¢nze et al., 1995; Ghosez
the Tauc-plot derived value of 4.9eV should likely be reet al., 1997; Ullrich and Yang, 2014n spite of this limitation,
assigned to a strong defect absorbance (D5), rather than thbke localized nature of the defect occupied states (donmigati
intrinsic optical-gap of pristine nanotubes (calculated te & the low energy optical excitations, vide infra) and the irsotun

7.0 eV with an approximated —likely underestimated— excitorof exact-exchange to within a 8 A, should jointly contribute
binding energy of 1.1eV, see below). Given the computedto contain the de ciencies intrinsic to the adopted approach.
sensitivity to protonation for the absorbance of defects B3 t As noted in the methods section (see algures S1, SR the
D5, further experimental research in the dependence of the NTadopted 8 A cuto was numerically checked to yield excitation
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FIGURE 8 | Computed LR-TDA-TDDFT optical spectra at PBEO-TC-LREA) and PBE (C) level of theory for all the systems considered, together witthe
corresponding FGR spectra, also at PBEO-TH-LREB) and PBE (D) level. Owing to the substantially lower computed absorbane, the D3 traces in(A,C) cannot be
resolved for the adopted scale of the y-axis.

energies (7eV defect-free NT absorbance-peak includedplso evident fronfigure 1Q in spite of quantitative di erences,
converged to within 0.05eV for D1, which, at least to ouruse of both 25 and 12.5 % HF mixings consistently leads to
minds, vouches for a favorable compromise between accurasynaller (approximated) exciton binding energy for the system
and computational viability of the present approach for thecharacterized by larger structural relaxation, strengthg the
system studied. earlier conclusions based on original PBEO-TH-LRC (25% HF
As shown inFigure 10 the computed energies di erences mixing) results.
(approximated exciton binding energies) are consistentlgdar In an attempt to further investigate the nature of the
than 0.3eV and can be as large a%.1eV for the pristine NT absorbance peaks and low-energy shouldeFguare 8 we next
and D1. By comparing the resultskigure 10with the computed analyse, for each considered case, the ve excitations \wih t
measures of defect-induced structural relaxatiéig@re 2), it  largest oscillator strengtiTables S3—S1and Figures S12—-S20
transpires that, at least for the system studied, the extitoding  in the Supporting Information reveal the presence of at
energy decreases as a function of the defect-induced stalct least one secondary excitation with non-negligible ogoitla
reorganization (D1: 1.1eV, D2: 0.9eV, D3-5, and h-D3-%x strength for D1, D2, and h-D4. These secondary excitations
0.6 eV). Thus, disruption of the cylindrical symmetry for tN&,  are, respectively 0.62eV (D1), 0.87eV (D2), and 1.34eV (h-
appears to reduce the excitonic binding energy, at least fer thD4) lower in energy with respect to the main peak. In spite
modeled systems in vacuo. of the complex composition of calculated absorbance spectrum,
Reduction of the HF mixing from 25 (standard PBEO-TH- the largest oscillator strength excitations Tables S3-S1@nd
LRC) to 12.5% leads to a parallel substantial (up to nearly 408igures S12—-S1%onsistently involve transitions from defect-
meV for the pristine NT) decrease in the approximated excitoriocalized orbitals to delocalized CB orbitals (in general fa
binding energy for all the cases apart from the negativelygddr from the defective part of the NTs). Combined with the
defects (D3, D4, and D5). For the latter cases, the computeslibstantial reduction 0.5eV) in the approximated exciton
di erences in approximated exciton binding energies are semall binding energy for all the NMR-inferred defects but D1 and D2
than 20 meV. This resultin turn suggests a reduced role for-no (Figure 9), it is unavoidable to note that altogether these results
local interactions (as captured by the HF contribution to )K@-  point to the possibility of defect-mediated exciton-sepanatio
functional) for the low-energy excitations of these systedss in AlSi NTs, with creation of highly-localized oxidativeasts
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FIGURE 10 | Top: computed PBEO-TC-LRC Kohn-Sham BG and
LR-TDA-TDDFT lowest energy excitation energy (“1st Exc'Bottom:
difference between the calculated Kohn-Sham BG and LR-TDADDFT 1st
excitation energy.

Finally, for the specialist reader we briey discuss the
dependence of the computed spectra on the simulation protocol.
We start by considering the role of the xc-functional for

FIGURE 9 | Comparison between the computed LR-TDA-TDDFT optical the computed LR-TDA-TDDFT spectra. Due to both the BG
spectra at PBE(top), PBEO-TH-LRC (12.5% HF mixingmiddle ) and underestimationFigure 7) and the lack of non-local terms in the
PBEO-TH-LRC (25% HF mixinghottom ) level of theory for all the systems .
considered. The use of the same scale for the x- and y-axis taaf/or xc-kernel (f(c) (Gonze et al., 1995; Ghosez et aI., 1997; Bernasconi
comparison leads to some PBE and PBEO-TH-LRC (12.5% HF mixg) traces et al., 2011, 2012; Tomic et al., 2014; Ullrich and Yang, 2014
being not visible in the plots. the PBE LR-TDA-TDDFT spectraF{gure 8C) deviates from

the PBEO-TC-LRC ones both in terms of computed absorbance
values (reduced for PBE) and relative energy of the absagan
at the defect-sites. Given the ongoing experimental work ipeaks. Apart from D5, the absorption peak for all the defects
development of (UV-light) sustainable photo-catalytic stgies and the pristine NT is now computed between 4.2 and 5eV.
for selective production (oxidation) of high-value chenigca The largest (smallest) absorbance is computed for the D1 and
(Sastre et al.,, 2012a,b; Alarcos et al.,, 2017; Murcia-LopP4 (D3 and D5). That is, at odds with the PBEO-TC-LRC
et al., 201), and the absence of experimental results on theesults, protonation is not modeled to increase optical abance
excitonic binding energies in Imo-NTs, these results prongst f at PBE-level, in contrast with PBEO-TC-LRC resufable S2
interest, further research (and validation opportunities) the in the Supporting Information reports a comparison between
experimental community. The current unavailability of eeci  the approximated (LR-TDA-TDDFT) exciton binding energies
state gradients in the used implementation of LR-TDA-TDDFTat PBEO-TC-LRC (see aldéigure 10 and PBE level. Apart
(Strand et al., 20)9prevents us from further exploring this point from the pristine nanotubes, D1 and D2 the approximated
by simulation. (LR-TDA-TDDFT) exciton binding energies are found not to
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majorly change depending on the use of the semi-local PBE dv) With the exception of D3, the low-energy optical absorbanc

non-local PBEO-TC-LRC (the computed changes are smallertha of the defects is generally substantially (x2-x20) larganth
0.1eV). This results suggest that depending on the struttura for defect-free NTs. Protonation of the defect sites leans t

reorganization of the defects (smaller for D1 and D2, larger increase of the optical absorbance.

for the other defects irFigure 2), long-range e ects become v) Based on the calculated PBEO-TC-LRC, LR-TDA-TDDFT

progressively more screened and less important for the eleictr spectra, the experimental low energy (4.1-6.2 eV) absorbance

and optical properties of Imo-NTs. The agreement between 25 tail for AISi NTs can be interpreted as due to the convolution

and 12.5% HF mixing results for D3-D5 Figure 10strengthens of the optical absorbance of the NMR-inferred defects.

this conclusion. vi) The dierences between the calculated PBEO-TC-LRC
Regardless of the use of PBEO-TC-LRC or PBE, simulation Kohn-Sham BGs and the lowest energy LR-TDA-

of the spectra at the independent-particle level via the FGR TDDFT excitation, a rst approximate measure of the

consistently lead to an absorbance maximum & (PBEO- exciton binding energies, are found to be systematically

TC-LRC) and 6.2 eV (PBE) with qualitatively similar computed reduced from 1.1 (defect-free NT) tx0.5eV at the

spectra. It thus emerges that, regardless of the XC-funation defect sites.

used, application of the FGR prevents the eventual use of the .

computed absorbance spectra to distinguish between defedts aBased on the cu_rrent lack _Of experlmenta_ll Tesu'ts. on the

pristine NTs. Accordingly, and not unexpectedly, it transpire electro-nlc and optical propertles. of defects- in imogolite NTs,

that use of the LR-TDA-TDDFT approximation at PBEQ-TC- we belle\{e the present results will be a positive complement to

LRC level appears to o er the most favorable accuracy-vigtbilitresealrch inthe eld.

compromise for the study of the optical properties of point-

defects in Imo-NTs, at least out of the simulation protocols'A\UTHOR CONTRIBUTIONS

explored. Given the availability of experimental spectra fer F ) i

doped aluminosilicate NTsSha a et al., 2015, 20)future work =P €xecuted the simulations and analyzed the results

will investigate the performance of the present PBEO-TC-LRGN collaboration with JE, MW, and GT. SC and MW

LR-TDA-TDDFT approach on these systems to sustain researdfiPlémented and  tested the used TDDFT formalism

both in the Imo-NTs area and simulation of optical properties in'n CPZ}_(' EP and GT wrote _the initial ~ draft of t_he
(1D) solids. manuscript. All the authors contributed to the nal version

of the manuscript.
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