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behavior is due to the synergistic combina-
tion of the well-defined organic–inorganic 
nature of 1 and its anisotropic layered struc-
ture that gives rise to two different types of 
robust excitons (interlayer and intralayer).  
The assignment of the observed optical 
features to the excitons was done based on 
the fundamental principles of molecular 
excitons extensively described in the last 50 
years in books,[2] reviews[3a-c] and research 
papers;[3d-l] and supported by complex trans-

mission, reflectance, and photoluminescence (PL) spectroscopy 
with polarization and time resolution.

Polozkov et al.[4] made a comment to dispute our assign-
ment of the optical features to excitons, based on the results of 
electronic structure calculations carried out using the general-
ized gradient approximation Perdew–Burke–Ernzerhof (PBE) 
exchange-correlation functional on a simplified 2D periodic 
model of a single layer of 1 (Figure 1). Despite the severe over-
simplification of the actual system in the model and the known 
limited accuracy of pure exchange-correlation functionals for 
describing excitations in molecular systems,[5] the authors 
obtained a nearly quantitative agreement between the computed 
and experimentally observed features in the absorption spec-
trum. Given the intrinsic limitation of the time-dependent den-
sity functional theory (DFT) method to single-particle excitations 
and its fundamental inability to describe excitonic states, these 
results motivated the authors to question our interpretation of 
the experimental data and propose an alternative model that is 
solely based on a single-particle approximation. We do not agree 
with the new proposal and identify a number of critical flaws in 
the logics underlying the comment. Below we provide extensive 
argumentation supporting our viewpoint.

First of all, we believe that the coincidence between a com-
puted parameter and an experimental one cannot be used as a 
justified ground for the construction of a physical or chemical 
hypothesis without a critical assessment of the potential limita-
tions related to the accuracy of both the model and the method 
employed in the calculations. The method accuracy in this con-
text can be better viewed as the precision of the calculation – that 
is, how well a particular quantum chemical method describes the 
electronic structure and basic parameters of chemical systems; 
and it is commonly assessed against a back-drop of a desired 
well-defined outcome.[6] Modern quantum-chemical methodolo-
gies are suitable for resolving ground-state chemical phenomena 
with <4 kJ mol−1 absolute accuracy, which is often referred to as 
the “chemical accuracy”.[6c] However, when dealing with such 
complex systems as the metal–organic frameworks, this high 

This is a response to a comment on the interpretation of the origin of the 
nonlinear changes of optical properties of van der Waals’ metal–organic 
frameworks (MOFs). The concerns are addressed by clarifying potential 
pitfalls in density functional theory (DFT) simulations, careful analysis of 
prior literature, and additionally discussing the previous experimental results 
to emphasize the applicability of the excitonic concept in molecular crystals, 
such as MOFs.

Molecular Modeling

In our recent paper,[1] we demonstrated the possibility of all-optical 
data processing and storage using a layered van der Waals’ metal–
organic framework (MOF) ([{Zn2(TBAPy)(H2O)2}·3.5DEF]n (1) 
(TBAPy, 1,3,6,8-tetrakis(p-benzoate)pyrene; DEF = diethylforma-
mide). The optical properties of 1 could be efficiently and inde-
pendently manipulated via light-induced local crystal disordering 
or ultrafast/continuous wave (cw) photoexcitation. A reversible 
structural response resulting in the nonlinear changes of the 
optical properties was achieved on an ultrashort timescale and 
could be preserved for several days. We proposed that such a 
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computational precision can almost never be achieved along with 
the realistic representation of the actual chemistry of the models. 
The accuracy of a model is therefore a system-specific param-
eter, which in some cases may represent a highly complex mul-
tidimensional problem encompassing a wide variety of factors 
and physicochemical phenomena. In practice of computational 
chemistry and material sciences, one cannot achieve the highest 
method precision along with the chemically accurate definition 
of the model. One will always have to search for a compromise 
between these two parameter spaces to balance the model and 
the method accuracy. Both of them need to be sufficiently accu-
rate to describe the physical and chemical phenomena in ques-
tion.[7] We find that both the model and the method employed 
by Polozkov et al.[4] do not satisfy this requirement to allow an 
adequate description of the current MOF chemical system and 
the associated optical effects.

The experimental studies described in our original paper[1] 
deal with the optical characteristics of macroscopic van der 
Waals’ MOF crystals that stem from the substantial structural 
dynamics and local anisotropy manifested at the mesoscale. 
Note that such phenomena cannot be captured even by using 
the chemically accurate periodic 3D models employed in our 

original study (Figure 1). Polozkov et al.[4] in their comment 
further simplified this model to be able to carry out the rather 
demanding time-dependent (TD-DFT) calculations. Besides 
omitting the details of the 3D structure, which was proposed 
to be crucial for the unique optical effects observed in the 
experiment, the authors used a chemically incomplete model 
of the individual slab containing undercoordinated Zn2+ nodes 
lacking the structural H2O ligands.

Even with such severe model simplifications, the size of the 
chemical structure was still too large to advance beyond the 
GGA approximation in the electronic structure and excited state 
calculations. However, previous extensive benchmark studies 
have demonstrated the inability of pure exchange-correlation 
functionals to accurately predict excited state properties of 
even well-defined systems.[5] It is explicitly stated in the review 
by Adamo and Jacquemin that “…one should avoid applying 
pure (i.e., exact-exchange free) functionals as they tend to sig-
nificantly undershoot the transition energies in the majority of 
organic and inorganic systems. Go for hybrids: transition ener-
gies will be closer to the experimental spot, with an expected 
error range of 0.20–0.25 eV”.[5] They further note that physi-
cally meaningful description of the charge transfer or Rydberg 
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Figure 1.  Evolution of the model accuracy for different atomistic models of Zn-MOF, where the lowest level approximation (molecular) is the individual 
components of the MOF, followed by a 2D periodic slab model representing a single Zn-MOF with an incomplete coordination sphere of Zn centers 
and a chemically accurate 3D periodic unit cell with an experimentally-relevant chemical composition representing the crystal structure of Zn-MOF 
containing DMF solvent in the interlayer space, and a hypothetic extended mesoscale model that could potentially account for the structural anisotropy 
and interlayer dynamics of the actual chemical system.
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electronically excited states would require the use of the range- 
separated hybrid functionals.[5]

To illustrate the importance of the balance between the 
model definition and the method accuracy, we carried out a 
series of TD-DFT calculations on the excessively reduced min-
imal model for the current MOF, which is the isolated ligand in 
the protonated (H4TBAPy) and cationic (TBAPy4−) forms using 
a range of popular DFT methods. The results, summarized in 
Figure 2, reveal a strong impact of the nature of the exchange-
correlation functional on the predicted energy of the single-par-
ticle transition (highest occupied molecular orbital (HOMO)–
lowest unoccupied molecular orbital (LUMO) (Figure 2a)).  
In line with earlier benchmark studies, pure functionals 
(BLYP, PBE, and M06) predicted much lower excitation ener-
gies for both models compared to their hybrid counterparts. 
The HOMO–LUMO excitation energy for H4TBAPy computed 
with the GGA and meta-GGA methods is “only” ca. 0.5–1 eV 
off the values predicted by the more accurate hybrid and long-
range corrected hybrid functionals. More importantly, the GGA 
results are strongly model-dependent. Whereas the hybrid 
methods predict similar excitation energies for the anionic 
(TBAPy4−) and protonated (H4TBAPy) ligand, pure functionals 
give much lower excitation energies for the anionic form. This 
finding is particularly important given the ionic nature of the 
bonds between the Zn2+ cations and carboxylate ligands in 

the actual MOF structure. The analysis of the frontier orbitals 
computed using different DFT methods reveal that this result 
is due to the strong electron delocalization errors in the GGA 
calculations (Figure 2b).[8] This effectively implies that the 
chemical inaccuracies of the model combined with the incom-
plete geometry optimization by Polozkov et al.[4] could poten-
tially introduce additional substantial errors to the results of the 
already quite inaccurate TD-DFT calculations at the PBE level.

We conclude that the exact correlation between the numerical 
outcome of the TD-DFT (PBE) calculations and the experimentally 
observed excitation energy cannot be used as an argument for its 
assignment to a classical HOMO–LUMO transition. Depending 
on the choice of the exchange-correlation functional, the results 
of TD-DFT calculations may shift within a margin of over 2 eV. 
The nearly quantitative agreement between theory and experi-
ment emphasized by Polozkov et al.[4] points rather to the imper-
fections of the methodologies and the models than serves as a 
good basis for an alternative scientific hypothesis.

Regarding the assignment of the current nonlinear optical 
phenomena to excitons, it is well-known that they are central to 
describe generic optical processes in single molecules, molecular 
aggregates, and molecular crystals, such as photoinduced elec-
tron transitions,[2,3] photosynthesis,[9] photovoltaic response,[10] 
and optical communications.[11] These states are directly related 
to single-particle transition in molecules and just slightly modify 
its shape.[2f,3a,f,12] As a result, there is a sufficient identity between 
the shapes of the exciton states and HOMO–LUMO transition in 
the absorption spectrum as Polozkov et al.[4] clearly mentioned 
in the comment. However, there are several fundamental differ-
ences between the excitons and single-particle transitions that 
we experimentally demonstrated.[1]

First of all (Figure 3 in ref. [1]), the probability of single-
particle dipole transitions is proportional to (cos α)2 where α is 
an angle between the vectors of polarization of light and tran-
sition dipole moment. No frequency shift of the maximum of 
absorption should be observed. In our case, we detected a fre-
quency shift from 2.95 to 3.2 eV when α changes from 0 to 90° 
evidencing the transition to two different electronic states in 1. 
We assign these states to different type of excitons having the 
dipole moments along or perpendicular to the layers of 1 (intra 
and interlayer ones).

Second (Figure 2c in ref.  [1]), the PL in the blue region (2.77 eV)  
has a very spatially inhomogeneous picture (Figure 3, inset), 
which is a direct demonstration of the radiative recombination 
of excitons[13] on crystal defects or PL from the exciton liquid 
within the homogeneous substrate. In contrast, the PL from 
single-particle transitions normally demonstrates a spatially 
homogeneous picture independently of the degree of inho-
mogeneity of the substrate. In our case, we attribute the spa-
tially inhomogeneous PL to the defects because of the highly 
defected nature of the MOF crystals fabricated by a solvo-
thermal method.[14] Furthermore, the formation of an exciton 
liquid requires a higher concentration of excitons than we had 
in our experiments (see below). These two important issues 
were completely neglected in the comment, resulting in a 
dubious conclusion about the nature of optical nonlinearities.[1]

In addition, we would also like to critically discuss sev-
eral important fundamental proposals made in the comment 
regarding: i) the binding energy of the interlayer excitons,  

Adv. Mater. 2017, 29, 1705261

Figure 2.  a) Results of TD-DFT calculations (first excitation energy) on 
the free ligand in the protonated (H4TBAPy) and cationic (TBAPy4−) 
forms carried out using different DFT methods in combination with 
6–31+G(d,p) (open symbols) and 6–311+G(d,p) (closed symbols) basis 
set. b) The corresponding frontier orbitals produced by DFT methods of a 
single family but belonging to different rungs of the DFT accuracy ladder.
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ii) the Mott transition in the excitonic system, and iii) exciton 
transport as a direct demonstration of the excitonic nature.

i) The discussion about the need of a higher radius for the 
interlayer exciton is inconsistent in our case because the distance 
between the layers is less than 9 Å, which is sufficiently smaller 
than the size of the TBAPy ligand (≈18 Å), in which the intra-
layer exciton is generated (see Figure S1 of the Supporting Infor-
mation in ref. [1]). If the dimension of the layers is comparable 
to the radii of both excitons, the dielectric permittivities become 
similar for the orthogonal directions. For the conventional, pure, 
inorganic van der Waals’ materials, a smaller binding energy of 
interlayer excitons is commonly observed.[15] However, this does 
not apply to the hybrid MOF material 1 giving rise to the higher 
binding energy for the interlayer excitons.

ii) The exciton transitions normally have very large oscillation 
strength so that a small number of excitons provides sufficient 
changes of dielectric permittivity of the matter. With such tran-
sitions, the dependence of the absorption/PL on the excitation 
intensity becomes highly nonlinear; that is, the increase in exci-
tation intensity is first accompanied by the expected increase of 
absorption/PL, which is then followed by its decline (observed 
for interlayer exciton ω1 at 2.95 eV (Figure 4 and Figure S5e in 
ref. [1])). A similar nonlinear behavior was experimentally and 
theoretically demonstrated for other excitonic systems.[16] The 
decreasing absorption for intralayer excitons (3.2 eV)[1] is still a 
matter of debate and requires further kinetic analysis. Another 
plausible explanation of such a nonlinear absorption/PL 
behavior can be found in experimental and theoretical studies 
devoted to exciton–exciton annihilation with blueshifted excitons 

(Figure 3), the effect of temperature on the interlayer exciton, 
and to the formation of the exciton complexes.[17] All these pro-
cesses require respectively high exciton concentration. Con-
cerning the Mott transition in exciton systems,[18] such an effect 
is only at a critical exciton concentration (Nc) which is equal to 
rer

−3, where rex is an exciton radius. In our case, Nc is equal to 
1025 m−3, and the achieved concentration in the experiments 
is lower than 106 m−3 due to the low excitation intensity (up to  
0.1 W cm−2, see Figure 4 in Ref. [1]). The exciton concentration 
was estimated by the following equation N = Pα(Iτ/ch̄ω), where 
P is the probability of exciton generation, α is the absorption 
coefficient, I is the excitation intensity, τ is the exciton lifetime, c 
is the speed of light, and h̄ω is the energy of the photons.

iii) Finally, we disagree with the statement made in the com-
ment on the need of the demonstration of energy transport to 
identify excitons. This approach is efficient only for the excitons 
with a high lifetime normally found in defect-free materials[19] 
at low temperature. It is well known that excitons exist within 
low-dimensional systems (quantum dots, quantum wells) and 
nanocrystals at ambient condition, where their movement is 
spatially limited and quantized. Moreover, there are excitons 
within bulk matter having a lot of crystal defects, which provide 
exciton localization and self-trapping. To identify the excitonic 
phenomena in different materials, one should test other optical 
effects described in ref. [17e].

In summary, the comment raises a problem of describing the 
nature of optical effects in organic–inorganic materials, which is 
very important for the development of new applications of such 
materials. In the case of layered van der Waals’ metal–organic 
frameworks, the extensive experimental data[1] and theoretical/
experimental results from other groups[2,3,5–20] allow us to confi-
dently assign the observed optical phenomena to excitonic tran-
sitions supporting the original proposal on the principle possi-
bility of the all-optical data processing and storage in 1.

Experimental Section
Electronic Structure Calculations: All DFT calculations were carried out 

using the Gaussian 09 rev. D.01 program package.[20a] Full geometry 
optimizations were carried out for all levels of theory and ligand models 
prior to the analysis of the electronic structure and the calculation of 
the optical properties. For all the optimized structures, the nature of the 
stationary points was evaluated from the analytically computed harmonic 
modes. No imaginary frequencies were found for the optimized structures 
confirming that they correspond to local minima on the potential energy 
surface. The calculations were carried out using a selection of popular 
exchange-correlation functionals corresponding to different “rungs” on 
the “DFT accuracy ladder”, namely, the pure GGA BLYP,[20b,c] PBE,[20d,e] 
and meta-GGA M06L[20f ] functionals, hybrid B3LYP,[20f ] PBE0,[20g] and 
M062X[20h] functionals, and the long-range corrected CAM-B3LYP[20h] and 
LC-wPBE[20] methods. The calculations were performed with 6–31+G(d,p) 
and 6–311+G(d,p) all-electron basis sets on all atoms. Excited-state 
calculations were carried out in the framework of the linear-response 
time-dependent density functional theory.[5]
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Figure 3.  Blueshift of the interlayer exciton ω1 position with increase of 
excitation intensity of a white light. The data were obtained by fitting the 
absorption spectra and are described in Supporting Information of ref. 
[1]. The error for each point is 0.025 eV. Inset: PL map of the single crystal 
of 1 at different emission energy (2.77 and 2.44 eV) illustrating a strong 
spatial inhomogeneity for the exciton radiative recombination at 2.77 eV 
for 0.8 ns, while 4 ns PL from pure organic components at 2.44 eV is 
clearly homogeneous.



www.advmat.dewww.advancedsciencenews.com

1705261  (5 of 6) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(Grant 074-U01) and the Ministry of Education and Science of the 
Russian Federation (Project 11.1706.2017/4.6) for support of their 
research. V.M.A thanks E. Ushakova for PL mapping, the Russian 
Foundation for Basic Research (Grants No. 16-37-60073 mol_a_dk and 
17-02-00538) and the Grant of the President of the Russian Federation 
(MK-2952.2017.2).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
accuracy, density functional theory, excitons, metal–organic frameworks, 
molecular modeling

Received: September 13, 2017
Published online: December 14, 2017

[1]	 V. A.  Milichko, S. V.  Makarov, A. V.  Yulin, A. V.  Vinogradov, 
A. A.  Krasilin, E.  Ushakova, V. P.  Dzyuba, E.  Hey-Hawkins,  
E. A. Pidko, P. A. Belov, Adv. Mater. 2017, 29, 1606034.

[2]	 a) A. S.  Davydov, Theory of Molecular Excitons, Plenum, New York 
1971; b) V.  May, O.  Kuhn, Charge and Energy Transfer Dynamics 
in Molecular Systems, Wiley, Weinheim, Germany 2011;  
c) V. M. Agranovich, Excitations in Organic Solids, Oxford University 
Press, Oxford, UK 2008; d) R. S. Knox, Theory of Excitons, Academic 
Press, New York 1963; e) F.  Bassani, G.  Pastori-Parravicini, 
Electronic States and Optical Transitions in Solids, Pergamon Press, 
Oxford, UK 1975; f) N. Ueno, in Physics of Organic Semiconductors, 
Vol. 3 (Eds: W. Brutting, C. Adachi), Wiley-VCH, Weinheim, Germany 
2012; g) H.  van  Amerongen, L.  Valkunas, R.  van  Grondelle, 
Photosynthetic Excitons, World Scientific, Singapore, 2000;  
h) K. Cho, A. Matsui, Proc. 2000 International Conference on Excitonic 
Processes in Condensed Matter, World Scientific, Singapore 2000;  
i) K. S. Song, R. T. Williams, Self-Trapped Excitons, Springer, 2013.

[3]	 a) P.  Cudazzo, F.  Sottile, A.  Rubio, M.  Gatti, J. Phys.: Condens. 
Matter 2015, 27, 113204; b) S. K.  Saikin, A.  Eisfeld, S.  Valleau, 
A.  Aspuru-Guzik, Nanophotonics 2013, 2, 21; c) D.  Abramavicius, 
B.  Palmieri, D. V.  Voronine, F.  Sanda, S.  Mukamel, Chem. Rev. 
2009, 109, 2350; d) D. M.  Eisele, C. W.  Cone, E. A.  Bloemsma,  
S. M. Vlaming, C. G. F. van der Kwaak, R. J. Silbey, M. G. Bawendi, 
J.  Knoester, J. P.  Rabe, D. A.  Vanden Bout, Nat. Chem. 2012, 
4, 655; e) C.  Didraga, J.  Knoester, J. Lumin. 2004, 110, 239;  
f) P.  Cudazzo, M.  Gatti, A.  Rubio, Phys. Rev. B 2012, 86, 195307;  
g) J. Arago, A. Troisi, Phys. Rev. Lett. 2015, 114, 026402; h) J. M. Turlet,  
M. R.  Philpott, J. Chem. Phys. 1975, 62, 4260; i) A.  Chernikov, 
O.  Yaffe, B.  Kumar, Y.  Zhong, C.  Nuckolls, T. F.  Heinz, J. Phys. 
Chem. Lett. 2014, 5, 3632; j) A. Nautiyal, P. B. Bisht, J. Lumin. 2010, 
130, 1829; k) S. Arnold, W. B. Whitten, A. C. Damask, Phys. Rev. B 
1971, 3, 3452; l) A.  Matsui, K.  Mizuno, J. Phys. Soc. Jpn 1982, 51, 
3206.

[4]	 R. G.  Polozkov, N. Y.  Senkevich, I. I.  Vrubel, I. A.  Shelykh, Adv. 
Mater. 2017, https://doi.org/10.1002/adma.201702463.

[5]	 C. Adamo, D. Jacquemin, Chem. Soc. Rev. 2013, 42, 845.
[6]	 a) D.  Jacquemin, V.  Wathelet, E. A.  Perpète, C.  Adamo, J. Chem. 

Theory Comput. 2009, 5, 2420; b) A. D.  Laurent, D.  Jacquemin, 
Int. J. Quant. Chem. 2013, 113, 2019; c) K. A.  Peterson, D.  Feller,  
D. A. Dixon, Theor. Chem. Acc. 2012, 131, 1079.

[7]	 E. A. Pidko, ACS Catal. 2017, 7, 4230.

[8]	 P.  Mori-Sanchez, A. J.  Cohen, W.  Yang, Phys. Rev. Lett. 2008, 100, 
146401.

[9]	 a) E.  Romero, R.  Augulis, V. I.  Novoderezhkin, M.  Ferretti, 
J.  Thieme, D.  Zigmantas, R.  van  Grondelle, Nat. Phys. 2014, 10, 
676; b) E. Collini, C. Y. Wong, K. E. Wilk, P. M. G. Curmi, P. Brumer, 
G. D. Scholes, Nature 2010, 463, 644; c) G. S. Engel, T. R. Calhoun, 
E. L.  Read, T. K.  Ahn, T.  Mancal, Y. C.  Cheng, R. E.  Blankenship, 
G. R.  Fleming, Nature 2007, 446, 782; d) H.  Lee, Y. C.  Cheng,  
G. R.  Fleming, Science 2007, 316, 1462; e) C. M.  Guedon, 
H.  Valkenier, T.  Markussen, K. S.  Thygesen, J. C.  Hummelen,  
S. J.  van  der Molen, Nat. Nanotechnol. 2012, 7, 305; f) F.  Dubin, 
R.  Melet, T.  Barisien, R.  Grousson, L.  Legrand, M.  Schott, 
V. Voliotis, Nat. Phys. 2006, 2, 32; g) C. Wu, S. V. Malinin, S. Tretiak, 
V. Y. Chernyak, Nat. Phys. 2006, 2, 631; h) E. Collini, G. D. Scholes, 
Science 2009, 323, 369; i) H.  Park, N.  Heldman, P.  Rebentrost, 
L.  Abbondanza, A.  Iagatti, A.  Alessi, B.  Patrizi, M.  Salvalaggio, 
L.  Bussotti, M.  Mohseni, F.  Caruso, H. C.  Johnsen, R.  Fusco, 
P. Foggi, P. F. Scudo, S. Lloyd, A. M. Belcher, Nat. Mater. 2016, 15, 
211.

[10]	 a) M.  Scharber, D.  Mühlbacher, M.  Koppe, P.  Denk, C.  Waldauf, 
A. Heeger, C. Brabec, Adv. Mater. 2006, 18, 789; b) M. Grätzel, Nat. 
Mater. 2014, 13, 838.

[11]	 a) J. Clark, G. Lanzani, Nat. Phot. 2010, 4, 438; b) T. Low, A. Chaves, 
J. D.  Caldwell, A.  Kumar, N. X.  Fang, P.  Avouris, T. F.  Heinz, 
F.  Guinea, L.  Martin-Moreno, F.  Koppens, Nat. Mater. 2017, 16, 
182.

[12]	 a) N. S.  Sariciftci, Primary Photoexitations in Conjugated Polymers: 
Molecular Excitons Versus Semiconductor Band Model, World Scientific,  
Singapore 1997; b) P.  Schulz, E.  Edri, S.  Kirmayer, G.  Hodes, 
D.  Cahen, A.  Kahn, Energy Environ. Sci. 2014, 7, 1377;  
c) O. V. Mikhnenko, P. W. M. Blom, T. Q. Nguyen, Energy Environ. 
Sci. 2015, 8, 1867.

[13]	 M.  Mesta, M.  Carvelli, R. J.  de  Vries, H.  van  Eersel,  
J. J. M.  van  der Holst, M.  Schober, M.  Furno, B.  Lüssem, K.  Leo, 
P.  Loebl, R.  Coehoorn, P. A.  Bobbert, Nat. Mater. 2013, 12,  
652.

[14]	 A. V.  Vinogradov, H.  Zaake-Hertling, A. S.  Drozdov, P.  Lönnecke, 
G. A. Seisenbaeva, V. G. Kessler, V. V. Vinogradov, E. Hey-Hawkins, 
Chem. Commun. 2015, 51, 17764.

[15]	 a) H. Heo, J. H. Sung, S. Cha, B. G. Jang, J. Y. Kim, G. Jin, D. Lee, 
J. H. Ahn, M. J. Lee, J. H. Shim, H. Choi, M. H. Jo, Nat. Commun. 
2015, 6, 7372; b) P. Rivera, J. R. Schaibley, A. M. Jones, J. S. Ross, 
S.  Wu, G.  Aivazian, P.  Klement, K.  Seyler, G.  Clark, N. J.  Ghimire, 
J. Yan, D. G. Mandrus, W. Yao, X. Xu, Nat. Commun. 2015, 6, 6242; 
c) J. R. Schaibley, H. Yu, G. Clark, P. Rivera, J. S. Ross, K. L. Seyler, 
W. Yao, X. Xu, Nat. Rev. Mater. 2016, 1, 16055.

[16]	 a) V. A.  Milichko, V. P.  Dzyuba, Y. N.  Kulchin, Appl. Phys. A 2013, 
111, 319; b) V. A. Milichko, V. P. Dzyuba, Y. N. Kulchin, Quantum 
Electron. 2013, 43, 567.

[17]	 a) G. Sek, A. Musial, P. Podemski, J. Misiewicz, J. Appl. Phys. 2010, 
108, 033507; b) M. Sebastian, J. A. Peters, C. C. Stoumpos, J.  Im,  
S. S. Kostina, Z. Liu, M. G. Kanatzidis, A. J. Freeman, B. W. Wessels, 
Phys. Rev. B 2015, 92, 235210; c) R.  Tempelaar, T. L. C.  Jansen, 
J. Knoester, arXiv:1705.05861 2017; d) M. Baranowski, A. Surrente, 
L. Klopotowski, J. M. Urban, N. Zhang, D. K. Maude, K. Wiwatowski, 
S. Mackowski, Y. C. Kung, D. Dumcenco, A. Kis, P. Plochocka,  
Nano Lett. 2017, https://doi.org/10.1021/acs.nanolett.7b03184;  
e) A. Moulet, J. B. Bertrand, T. Klostermann, A. Guggenmos,  
N. Karpowicz, E. Goulielmakis, Science 2017, 357, 1134.

[18]	 A. A. Rogachev, in Excitons at High Density, Vol. 73, (Eds: H. Haken, 
S. Nikitin), Springer, Berlin/Heidelberg, Germany 1975.

[19]	 a) T. D.  Bennett, A. K.  Cheetham, A. H.  Fuchs, F. X.  Coudert, 
Nat. Chem. 2016, 9, 11; b) G. M.  Akselrod, P. B.  Deotare,  
N. J. Thompson, J.  Lee, W. A. Tisdale, M. A. Baldo, V. M. Menon, 
V.  Bulovic, Nat. Commun. 2014, 5, 3646; c) H.  Najafov, B.  Lee, 

Adv. Mater. 2017, 29, 1705261

https://doi.org/10.1002/adma.201702463
https://doi.org/10.1021/acs.nanolett.7b03184


www.advmat.dewww.advancedsciencenews.com

1705261  (6 of 6) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Mater. 2017, 29, 1705261

Q.  Zhou, L. C.  Feldman, V.  Podzorov, Nat. Mater. 2010, 9, 938;  
d) H. J.  Son, S.  Jin, S.  Patwardhan, S. J.  Wezenberg, N. C.  Jeong, 
M.  So, C. E.  Wilmer, A. A.  Sarjeant, G. C.  Schatz, R. Q.  Snurr,  
O. K.  Farha, G. P.  Wiederrecht, J. T.  Hupp, J. Am. Chem. Soc. 
2013,135, 862; e) K. Kang, S. Watanabe, K. Broch, A. Sepe, A. Brown, 
I.  Nasrallah, M.  Nikolka, Z.  Fei, M.  Heeney, D.  Matsumoto, 
K.  Marumoto, H.  Tanaka, S.  Kuroda, H.  Sirringhaus, Nat. Mater. 
2016, 15, 896; f) Y.  Wan, Z.  Gou, T.  Zhu, S.  Yan, J.  Johnson, 
L.  Huang, Nat. Chem. 2015, 7, 785; g) P.  Irkhin, I.  Biaggio, Phys. 
Rev. Lett. 2011, 107, 017404; h) R. Noriega, J. Rivnay, K. Vandewal,  
F. P. V.  Koch, N.  Stingelin, P.  Smith, M. F.  Toney, A.  Salleo, Nat. 
Mater. 2013, 12, 1038; i) M. A. Loi, E. da Como, F. Dinelli, M. Murgia, 
R. Zamboni, F. Biscarini, M. Muccini, Nat. Mater. 2005, 4, 81.

[20]	 a) M. J.  Frisch, G. W.  Trucks, H. B.  Schlegel, G. E.  Scuseria, 
M. A.  Robb, J. R.  Cheeseman, G.  Scalmani, V.  Barone,  
G. A.  Petersson, H.  Nakatsuji, X.  Li, M.  Caricato, A.  Marenich, 
J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, 
J. V.  Ortiz, A. F.  Izmaylov, J. L.  Sonnenberg, D.  Williams-Young, 
F.  Ding, F.  Lipparini, F.  Egidi, J.  Goings, B.  Peng, A.  Petrone, 

T.  Henderson, D.  Ranasinghe, V. G.  Zakrzewski, J.  Gao, N.  Rega, 
G.  Zheng, W.  Liang, M.  Hada, M.  Ehara, K.  Toyota, R.  Fukuda, 
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, 
T. Vreven, K. Throssell, J. A. Montgomery Jr., J. E. Peralta, F. Ogliaro, 
M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, 
T.  Keith, R.  Kobayashi, J.  Normand, K.  Raghavachari, A.  Rendell,  
J. C.  Burant, S. S.  Iyengar, J.  Tomasi, M.  Cossi, J. M.  Millam, 
M.  Klene, C.  Adamo, R.  Cammi, J. W.  Ochterski, R. L.  Martin, 
K.  Morokuma, O.  Farkas, J. B.  Foresman, and D. J.  Fox, Gaussian 
09, Revision D.01, Gaussian, Inc., Wallingford CT, USA 2009; 
b) A. D.  Becke, Phys. Rev. A 1988, 38, 3098; c) C.  Lee, W.  Yang, 
R. G.  Parr, Phys. Rev. B 1988, 37, 785; d) J. P.  Perdew, K.  Burke, 
M.  Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865; e) J. P.  Perdew, 
K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1997, 78, 1396; f) Y. Zhao,  
D. G.  Truhlar, J. Chem. Phys. 2006, 125, 194101; g) C.  Adamo,  
V.  Barone, J. Chem. Phys. 1999, 110, 6158; h) Y.  Zhao,  
D. G. Truhlar, Theor. Chem. Acc. 2008, 120, 215; i) T. M. Henderson,  
A. F. Izmaylov, G. Scalmani, G. E. Scuseria, J. Chem. Phys. 2009, 131,  
044108.


