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Controlling bond-selective chemical reactivity is of great importance and has a broad range of
applications. Here, we present a molecular dynamics study of bond selective reactivity of methane and its
deuterated isotopologues (i.e., CH4−xDx, x ¼ 0,1,2,3,4) on Ni(111) and Pt(111) from first principles
calculations. Our simulations allow for reproducing the full C-H bond selectivity recently achieved
experimentally via mode-specific vibrational excitation and explain its origin. Moreover, we also predict
the hitherto unexplored influence of the molecular translational energy on such a selectivity as well as the
conditions under which the full selectivity can be realized for the a priori less active C-D bond.
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Bond selective chemistry is of great importance for
many technological applications, including heterogeneous
catalysis, surface and nanostructure functionalization, etc.
For instance, achieving high selectivity is one of the major
goals in catalysis because this allows for producing
preferentially the desired products [1]. Therefore, elucidat-
ing and controlling the factors that promote the cleavage
of a specific bond of a polyatomic molecule is of great
fundamental importance and tremendous practical useful-
ness. This is certainly why bond-selective reactivity on
surfaces has attracted so much attention during the last
decade, with the partially deuterated isotopologues of
methane (i.e., CH4−xDx, x ¼ 1,2,3) being the usual bench-
mark molecules for experiments [2–8]. The challenge of
bond selectivity with CH4−xDx is the ability of selecting the
cleavage of the C-H or C-D bond, despite their same
activation energy. Thus, a branching ratio of C-H (or C-D)
cleavage similar to the fraction of C-H (or C-D) bonds in
the molecule corresponds to a statistical (or weak) selec-
tivity, whereas full selectivity is attained if only one type of
bond (C-H or C-D) is cleaved.
Initial-state-resolved measurements using supersonic

molecular beams have provided unambiguous evidence
for vibrational-mode- and bond-specific reactivity of
CH4 and its deuterated isotopologues on both Ni(111)
and Pt(111) surfaces. Full C-H bond selectivity was
achieved by exciting a C-H stretching mode before the
collision, in sharp contrast with the statistical selectivity
observed under laser-off experimental conditions (i.e., most
molecules in the vibrational ground state, GS) [4,7]. Since
such selectivity has been hitherto studied for a single initial
total energy of the molecules for each case of Ni(111) [4]
and Pt(111) [7], it is, for instance, not known how the bond
selectivity varies as a function of the molecular translational

energy. Moreover, until now, full selectivity has been
achieved only for the cleavage of the C-H bond, which is
a priori, more active than the C-D one [9]. Whether and how
fully selective cleavage of the less active C-D bond can be
realized remains an open issue. This deserves in-depth
investigations, particularly in view of the counterintuitive
results of a recent cross beam experiment showing that
exciting a stretching vibrational mode can sometimes even
be unfavorable for cleaving the targeted bond [10]. This
illustrates the complexity of surface reaction dynamics
involving polyatomic molecules and the risk of making
unreliable predictions even based on educated intuition.
Molecular dynamics (MD) is a powerful tool to inves-

tigate reactzion dynamics at surfaces. However, an accurate
and computationally affordable method for describing sur-
face reaction dynamics of polyatomic molecules including
surface atom degrees of freedom (DOF), has been long-time
expected (see, e.g., [11,12]). Thus, to our knowledge, noMD
simulation dealing with bond selective reactivity for methane
on surfaces has been reported. On one hand, quantum MD
(QMD) methods have not yet gone beyond the only-one-
active-bond approximation (see, e.g., [13–19]) which pre-
vents investigating bond selectivity because at least two
active (i.e., cleavable) bonds are required. On the other hand,
the very low dissociation probability of methane on metal
surfaces (∼ 10−4–10−2) [20] hampers extensive classical
ab initio MD (AIMD) simulations [21,22] in which the
interatomic forces are calculated on the fly from density
functional theory (DFT) [23,24]. Finally, for polyatomic
molecules, the use of the divide and conquer strategy
employing an analytical or numerical potential energy sur-
face (PES) (successful for diatomic molecules [25–27]), is
hindered by the difficulty of building accurate PESs of
dimensionality much higher than 6.
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In this work, we report the results of a quasiclassical
MD (QCMD) study of the dissociative adsorption of
CH4−xDx (x ¼ 0,1,2,3,4) on Ni(111) and Pt(111), based
on two accurate system-specific reactive force fields (RFF)
parametrized from DFT total energy data. Through simu-
lations treating all the molecular and surface DOFs on an
equal footing, we have obtained C-H bond selectivities and
vibration-mode-specific reactivities in excellent agreement
with experiments. Moreover, we have investigated the so
far barely explored influence of the molecular translational
energy on the bond selectivity and predict the conditions
under which full C-D selectivity can be also attained even
for the statistically most unfavorable case of CH3D.
In order to describe the methane-surface interaction, we

carried out first DFT calculations for CH4=Nið111Þ and
CH4=Ptð111Þ which were then used to parametrize the
RFFs. The (111) surfaces have been modeled by a five layer
slab and a (3 × 3) unit cell with a vacuum space between
consecutive slabs corresponding to six metal layers (see the
Supplemental Material [28]). The procedure used to generate
the RFFs is similar to that successfully implemented recently
by some of us for H2=Pd [29]. The analytical expression of
the RFFs and the optimum parameters obtained for both
systems can be found in the Supplemental Material [28].
Each input database contains ∼104 DFT total energies for
(i) equilibrium and distorted configurations of both CH4 and
the surface far from each other, most of them extracted from
AIMD calculations, (ii) configurations visited during our
own search of saddle points of the PESs reported previously
[30], with and without surface relaxation, (iii) configurations
of methane over various high symmetry surface sites and
different molecular orientations, (iv) configurations selected
from QCMD calculations based on the preliminary versions
of the RFFs, and (v) configurations visited by a few AIMD
trajectories for various initial molecular translational ener-
gies and vibrational states.
A full description of the procedure to generate the RFFs

and the tests of accuracy (including the comparison of the
geometries and energies of various saddle points predicted
by the RFFs and DFT calculations) will be presented
elsewhere [31]. Here we simply mention that DFT results
are well reproduced by our RFFs, with discrepancies being,
in the interatomic distances at transition states ≲0.1 Å, and
in activation energies ≲10%. In addition, the RFF vibra-
tional spectra of CH4 and all its deuterated isotopologues in
vacuum are in excellent agreement with the experimental
ones: the same level ordering and numerical discrepancies
smaller than ∼100 cm−1 (i.e., ∼0.01 eV). This is particu-
larly important for our present purpose to study mode- and
bond-selective reactivities. Ascertained also by other strin-
gent tests of accuracy [31], our RFFs provide a description
of the DFT energetics of methane reactive and unreactive
scattering from both Ni(111) and Pt(111), with errors
similar to the uncertainties of DFT (with semilocal approx-
imations) itself [32].

The QCMD calculations to evaluate the reactive initial
sticking probability S0 as a function of the incident trans-
lational energy Ei (at normal incidence and for initially
nonrotating molecules) are described in the Supplemental
Material [28]. For comparison with the experiments, our
simulations for Ni(111) and Pt(111) were carried out for
surface temperatures 475 and 150 K, respectively, with the
help of a Berendsen thermostat and the metal atoms of the
two top layers are mobile.
Figure 1(a) shows that the theoretical C-H branching

ratios are in excellent agreement with the available exper-
imental data for all the partially deuterated isotopologues of
methane on Pt(111) [7]. For CHD3, CH2D2, and CH3D
initially in their vibrational GS, the branching ratio is close
to the statistical one. In contrast, the fully selective cleavage
of the C-H bond is achieved when a C-H stretching mode is
excited before the collision of the molecules with the
surface. Interestingly, such a drastic change of bond
selectivity is found in spite of keeping constant the initial
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FIG. 1 (color online). (a) Branching ratio of C-H bond cleavage
for CH4−xDx=Ptð111Þ (x ¼ 1,2,3). Open symbols represent the
theoretical results of this work and filled symbols the exper-
imental data from [7]. Circles: vibrationally excited molecules
(vibration mode indicated near the corresponding data) for
Ei ¼ 0.25 eV; squares: molecules in the vibrational GS (under
laser-off conditions in the case of experiments) for Ei ¼ 0.55 eV.
Dashed lines connecting theoretical results are plotted to guide
the eyes. (b) Experimental (symbols) and theoretical (lines)
reactive initial sticking probability, S0, for CH4ð1ν3Þ on
Pt(111) and on Ni(111) as a function of the translational energy
Ei at normal incidence. Experimental data taken from Refs. [8]
(Pt) and [3] (Ni).
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total energy (vibrational plus translational) of the molecules
(vibrationally excited molecules have lower translational
energies) [7].
Since the bond selectivity is achieved through a specific-

mode vibrational excitation, there is a strong interplay
between bond- and mode-specific features of reactivity [2].
Therefore, an appropriate description of mode-specific
reactivity (in particular, for vibrationally excited states)
is a prerequisite for a reliable theoretical study of bond
selectivity. Our approach provides indeed such a descrip-
tion. In Fig. 1(b), we compare the S0 values we have
obtained for CH4ð1ν3Þ=Ptð111Þ and CH4ð1ν3Þ=Nið111Þ
with available experimental data and the agreement is also
excellent. Our results account for the higher reactivity of
Pt(111) with respect to Ni(111) due to a lower activation
energy barrier in the former case by ∼ 0.2 eV (present work
and Ref. [30]). In addition, the Ei dependence of the
experimental S0 data for both surfaces is well reproduced
and the theory-experiment agreement is quantitative [33].
This indicates that contrary to the usual belief of many
years [13,15,34], and in line with recent investigations [35],
methane dissociative adsorption is largely dominated by a
classical over-the-barrier mechanism (even at low impact
energies and low-surface temperatures).
Varying the number of H and D atoms in the methane

isotopologues entails strong changes in the molecular
vibrational modes which, in turn, determine the optimum
conditions to achieve bond selectivity. Thus, bond selec-
tivity and isotopic effects are coupled with each other.
In Fig. 2, we present our results of S0 (Ei) for CH4−xDx
on Pt(111) (for x ¼ 0,1,2,3,4, and molecules in their

vibrational GS). The reactivity of the deuterated isotopo-
logues decreases when the number of D atoms x increases.
The difference in S0 we obtained for CH4 and CD4 is
qualitatively the same as that obtained experimentally [36],
in spite of the higher surface temperature in the experiments
(i.e., 800 K). Unfortunately, the experimental Ei depend-
ence of S0 for partially deuterated isotopologues (i.e.,
x ¼ 1,2,3) has not been reported for Pt(111). However,
it is important to mention that the ordering of the S0 (Ei)
curves we have obtained for different values of x is the
same as that found experimentally for tungsten surfaces
[37]. All these results point to a reactivity of the C-H bond
higher than that of the C-D bond. Since vibrations
significantly affect reactivity, it is natural to look for a
possible correlation between the ordering of the S0 (Ei)
curves shown in Fig. 2, and the ZPE values of CH4−xDx
which decrease when x increases. To shed further light on
this issue, we calculated also the sticking curve for an
artificial CD4 molecule (hereafter referred to as CD�

4)
whose ZPE is set equal to that of CH4. In the inset of
Fig. 2, S0ðCH4Þ=S0ðCD�

4Þ (red curve) is plotted as a
function of Ei and a constant value close to 1 (i.e.,
∼1.2) is observed. This shows clearly that the difference
in ZPE between CH4 and CD4 is the main responsible for
the isotopic effect observed in Fig. 2 and a detailed
discussion of such effect will be presented elsewhere. It
is interesting to note also that S0ðCH4Þ=S0ðCD4Þ (black
curve) decreases strongly from values as high as ∼20 at low
Ei (∼0.5 eV) to nearly 1 at high Ei. These results show that
the role of vibrational energy on reactivity is more
prominent at low translational energies and becomes
relatively less important when Ei increases.
In Fig. 3, we report the theoretical branching ratios of the

C-H bond cleavage on Pt(111) for CH4−xDx (x ¼ 1,2,3) in
different initial vibrational states as a function of Ei.
Our results show that the high C-H selectivity observed
in Fig. 1(a) for CHD3ð1ν1Þ, CH2D2ð1ν6Þ, and CH3Dð1ν4Þ,
decreases with increasing Ei. Although no experimental
report of such an Ei dependence has been made yet for
methane interacting with surfaces, it is interesting to
mention that a similar loss of selectivity has been observed
in bimolecular reactions [38,39]. When Ei increases, the
branching ratios of C-H and C-D bond cleavage tend to
approach the corresponding statistical values. The loss of
bond selectivity with increasing Ei reflects the fact that
translational energy is not bond selective. At high trans-
lational energies the molecules approach closer to the
surface and vibrational softening is strongest: the typical
Morse-like effective C-X (X ¼ H or D) interaction poten-
tial far from the surface, tends to become purely repulsive
close to the surface when the atoms start forming new
bonds with the metal. Thus, when Ei increases, the bond
most likely to be cleaved (more and more irrespective of
the vibrational energy initially stored in it) is that most
involved in the molecule-surface interaction, i.e., the one
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most favorably oriented for dissociation near the point of
closest approach to the surface. Then, the loss of bond
selectivity induced by stretching at high Ei can be
explained, on one hand, by the nonselective character of
the translational energy and, on the other hand, by the
decreasing role of the initial vibrational energy when Ei
increases (inset of Fig. 2 and [40]). This shows, in addition,
that the mode-specific high selectivity observed experi-
mentally [Fig. 1(a)] is due, to a large extent, to the low
translational energies considered. Under such conditions,
the vibrational energy initially deposited in a stretching
mode promotes more efficiently the corresponding bond(s)
scission than the non bond-selective translational energy.
To the best of our knowledge, full selectivity of a C-D

bond in a partially deuterated isotopologue of methane on
Ni(111) and Pt(111), has not been experimentally achieved
so far. Hence, it is interesting to investigate the possibility
of such a selective cleavage, in particular, for the most
statistically unfavorable case, i.e., CH3D. Therefore, we
have computed S0ðEiÞ for CH3Dð1ν2Þ and CH3Dð2ν2Þ on
Pt(111) (ν2 being the localized C-D stretching mode of
CH3D). In both cases, an increased C-D bond selectivity is
observed. Though full C-D selectivity cannot be reached
for CH3Dð1ν2Þ (results not shown), our simulation predicts
that the full C-D selectivity can be achieved with the first
overtone of ν2, i.e., CH3Dð2ν2Þ, for Ei ≲ 0.4 eV [see the
blue curve in Fig. 3(c)]. Under such a condition, the effect
of mode-specific vibrational excitation prevails over the
nonselective translational energy. Finally, we just mention
that all the aspects of the bond selective reactivity for
methane isotopologues on Pt(111) reported in details here
were also observed on Ni(111).
In summary, we have carried out thorough quasiclassical

molecular dynamics simulations to study various aspects
of bond- and mode-selective reactivities of methane and
its deuterated isotopologues on Ni(111) and Pt(111). Based
on two accurate reactive force fields parametrized from

DFT data, our simulations reproduce the high C-H bond
selectivity recently achieved experimentally by exciting
C-H stretching modes of partially deuterated isotopologues
of methane as well as the mode-selective reactivity of
vibrationally excited CH4 on both Pt(111) and Ni(111).
Moreover, our simulations reveal that the very high bond
selectivity observed experimentally can be reached only at
relatively low initial translational energies and it strongly
decreases with increasing Ei due to the decreasing role of
the vibrational energy with respect to that of the non-
bond-selective translational energy. We predict also that
the full selectivity of the less active C-D bond can be
achieved at sufficiently low translational energies even in
the statistically less favorable case of CH3D. We hope
our predictions provide some impetus to further experi-
mental investigations on bond selectivity in a wider
range of incident energies and also to the attempts for
achieving experimentally the full C-D bond selectivity.
With its accuracy demonstrated in this work, and its high
computational efficiency, the present methodology that
combines precise system-specific RFFs with quasiclassical
molecular dynamics provides a very useful strategy for
studying gas-surface reaction dynamics with increasing
complexity.

The authors thank F. Martín for a critical reading and
suggestions during the manuscript preparation. We thank
the ECOS-Sud program for financial support. X. J. S. is
grateful for a scholarship awarded by China Scholarship
Council (2009–2011) and an Eiffel scholarship of the
French government (2011–2012). W. D. thanks ANR for
financial support through the Dyquma project. A. L. and H.
F. B. acknowledge MINCyT, (project PICT Bicentenario
No. 1962), CONICET, (Project No. PIP 0667), and UNR
(Project No. PID ING235) for financial support. X. H. Y.
was supported by the National Natural Science Foundation
of China (Grant No. NSFC51032002).

E
i
 (eV) E

i
 (eV) E

i
 (eV)

C
-H

 b
ra

nc
hi

ng
 r

at
io

0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9

1 ν
6

1ν
4

1ν
1

2ν
2

GS

GS

GS

(a) CHD3 (b) CH
2
D

2
(c) CH

3
D

0

20

40

60

80

100

FIG. 3 (color online). C-H branching ratio as a function of Ei for CH4−xDx=Ptð111Þ for various initial vibrational states. (a) x ¼ 3,
(b) x ¼ 2, and (c) x ¼ 1.

PRL 112, 046101 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

31 JANUARY 2014

046101-4



*Corresponding author.
wei.dong@ens‑lyon.fr

†Corresponding author.busnengo@ifir‑conicet.gov.ar
[1] G. A. Somorjai, Introduction to Surface Chemistry and

Catalysis (John Wiley & Sons, New York, 1994).
[2] R. D. Beck, P. Maroni, D. C. Papageorgopoulos, T. T. Dang,

M. P. Schmid, and T. R. Rizzo, Science 302, 98 (2003).
[3] R. R. Smith, D. R. Killelea, D. F. DelSesto, and A. L. Utz,

Science 304, 992 (2004).
[4] D. R. Killelea, V. L. Campbell, N. S. Shuman, and A. L. Utz,

Science 319, 790 (2008).
[5] L. Juurlink, D. Killelea, and A. Utz, Prog. Surf. Sci. 84, 69

(2009).
[6] B. L. Yoder, R. Bisson, and R. D. Beck, Science 329, 553

(2010).
[7] L. Chen, H. Ueta, R. Bisson, and R. D. Beck, Faraday

Discuss. 157, 285 (2012).
[8] L. Chen, H. Ueta, R. Bisson, and R. D. Beck, Rev. Sci.

Instrum. 84, 053902 (2013).
[9] A reactivity of C-H bonds higher than that of C-D ones is

inferred from the reactive sticking probability of CH4 larger
than that of CD4 at similar collision conditions [36].

[10] W. Zhang, H. Kawamata, and K. Liu, Science 325, 303
(2009).

[11] G. R. Darling and S. Holloway, Rep. Prog. Phys. 58, 1595
(1995).

[12] A. C. Luntz, Science 302, 70 (2003).
[13] J. Harris, J. Simon, A. C. Luntz, C. B. Mullins, and C. T.

Rettner, Phys. Rev. Lett. 67, 652 (1991).
[14] S. Nave and B. Jackson, Phys. Rev. Lett. 98, 173003 (2007).
[15] A. K. Tiwari, S. Nave, and B. Jackson, Phys. Rev. Lett. 103,

253201 (2009).
[16] G. P. Krishnamohan, R. A. Olsen, G.-J. Kroes, F. Gatti, and

S. Woittequand, J. Chem. Phys. 133, 144308 (2010).
[17] S. Nave and B. Jackson, Phys. Rev. B 81, 233408 (2010).
[18] B. Jackson and S. Nave, J. Chem. Phys. 138, 174705

(2013).
[19] B. Jiang, R. Liu, J. Li, D. Xie, M. Yang, and H. Guo, Chem.

Sci. 4, 3249 (2013).
[20] J. F. Weaver, A. F. Carlsson, and R. J. Madix, Surf. Sci. Rep.

50, 107 (2003).
[21] A. Groß and A. Dianat, Phys. Rev. Lett. 98, 206107

(2007).
[22] F. Nattino, C. Díaz, B. Jackson, and G.-J. Kroes, Phys. Rev.

Lett. 108, 236104 (2012).
[23] M. Sacchi, D. J. Wales, and S. J. Jenkins, J. Phys. Chem. C

115, 21832 (2011).

[24] Y. Shibuta, R. Arifin, K. Shimamura, T. Oguri, F. Shimojo,
and S. Yamaguchi, Chem. Phys. Lett. 565, 92 (2013).

[25] H. F. Busnengo, W. Dong, P. Sautet, and A. Salin, Phys.
Rev. Lett. 87, 127601 (2001).

[26] M. Alducin, R. Díez Muiño, H. F. Busnengo, and A. Salin,
Phys. Rev. Lett. 97, 056102 (2006).

[27] C. Díaz, E. Pijper, R. A. Olsen, H. F. Busnengo, D. J.
Auerbach, and G. J. Kroes, Science 326, 832 (2009).

[28] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.112.046101 for some
details about DFT electronic structure calculations, our
reactive force fields for methane on Ni(111) and Pt(111)
as well as quasi-classical trajectory calculations.

[29] Y. Xiao, W. Dong, and H. Busnengo, J. Chem. Phys. 132,
014704 (2010).

[30] S. Nave and B. Jackson, J. Chem. Phys. 130, 054701
(2009).

[31] A. Lozano, X. Shen, W. Dong, H. Busnengo, and X. Yan,
(to be published).

[32] G. Bocan, R. Díez Muiño, M. Alducin, H. F. Busnengo, and
A. Salin, J. Chem. Phys. 128, 154704 (2008).

[33] It is to be mentioned that for CH4 in its vibrational GS, our
theoretical values of S0 are larger than the experimental ones
[3,8]. Similar results have been obtained very recently in
QCMD investigations for the (100) and (111) faces of Ni
[41,42]. Such overestimation of the GS reactivity might be
due to the limitation of the standard Monte Carlo sampling
to describe harmonic oscillators. A detailed discussion on
this issue is beyond the scope of this Letter and will be
presented elsewhere.

[34] G. Henkelman, A. Arnaldsson, and H. Jonsson, J. Chem.
Phys. 124, 044706 (2006).

[35] B. Jackson and S. Nave, J. Chem. Phys. 135, 114701
(2011).

[36] A. C. Luntz and D. S. Bethune, J. Chem. Phys. 90, 1274
(1989).

[37] H. Winters, J. Chem. Phys. 64, 3495 (1976).
[38] M. J. Bronikowski, W. R. Simpson, B. Girard, and R. N.

Zare, J. Chem. Phys. 95, 8647 (1991).
[39] M. J. Bronikowski, W. R. Simpson, and R. N. Zare, J. Phys.

Chem. 97, 2194 (1993).
[40] N. Chen, Y. Huang, and A. L. Utz, J. Phys. Chem. A 117,

6250 (2013).
[41] M. Mastromatteo and B. Jackson, J. Chem. Phys. 139,

194701 (2013).
[42] B. Jing and H. Guo, J. Phys. Chem. C 117, 16 127

(2013).

PRL 112, 046101 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

31 JANUARY 2014

046101-5

http://dx.doi.org/10.1126/science.1088996
http://dx.doi.org/10.1126/science.1096309
http://dx.doi.org/10.1126/science.1152819
http://dx.doi.org/10.1016/j.progsurf.2009.01.001
http://dx.doi.org/10.1016/j.progsurf.2009.01.001
http://dx.doi.org/10.1126/science.1191751
http://dx.doi.org/10.1126/science.1191751
http://dx.doi.org/10.1039/c2fd20007d
http://dx.doi.org/10.1039/c2fd20007d
http://dx.doi.org/10.1063/1.4803933
http://dx.doi.org/10.1063/1.4803933
http://dx.doi.org/10.1126/science.1175018
http://dx.doi.org/10.1126/science.1175018
http://dx.doi.org/10.1088/0034-4885/58/12/001
http://dx.doi.org/10.1088/0034-4885/58/12/001
http://dx.doi.org/10.1126/science.1090172
http://dx.doi.org/10.1103/PhysRevLett.67.652
http://dx.doi.org/10.1103/PhysRevLett.98.173003
http://dx.doi.org/10.1103/PhysRevLett.103.253201
http://dx.doi.org/10.1103/PhysRevLett.103.253201
http://dx.doi.org/10.1063/1.3491031
http://dx.doi.org/10.1103/PhysRevB.81.233408
http://dx.doi.org/10.1063/1.4802008
http://dx.doi.org/10.1063/1.4802008
http://dx.doi.org/10.1039/c3sc51040a
http://dx.doi.org/10.1039/c3sc51040a
http://dx.doi.org/10.1016/S0167-5729(03)00031-1
http://dx.doi.org/10.1016/S0167-5729(03)00031-1
http://dx.doi.org/10.1103/PhysRevLett.98.206107
http://dx.doi.org/10.1103/PhysRevLett.98.206107
http://dx.doi.org/10.1103/PhysRevLett.108.236104
http://dx.doi.org/10.1103/PhysRevLett.108.236104
http://dx.doi.org/10.1021/jp207746q
http://dx.doi.org/10.1021/jp207746q
http://dx.doi.org/10.1016/j.cplett.2013.02.038
http://dx.doi.org/10.1103/PhysRevLett.87.127601
http://dx.doi.org/10.1103/PhysRevLett.87.127601
http://dx.doi.org/10.1103/PhysRevLett.97.056102
http://dx.doi.org/10.1126/science.1178722
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.046101
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.046101
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.046101
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.046101
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.046101
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.046101
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.046101
http://dx.doi.org/10.1063/1.3265854
http://dx.doi.org/10.1063/1.3265854
http://dx.doi.org/10.1063/1.3065800
http://dx.doi.org/10.1063/1.3065800
http://dx.doi.org/10.1063/1.2897757
http://dx.doi.org/10.1063/1.2161193
http://dx.doi.org/10.1063/1.2161193
http://dx.doi.org/10.1063/1.3634073
http://dx.doi.org/10.1063/1.3634073
http://dx.doi.org/10.1063/1.456132
http://dx.doi.org/10.1063/1.456132
http://dx.doi.org/10.1063/1.432717
http://dx.doi.org/10.1063/1.461243
http://dx.doi.org/10.1021/j100112a021
http://dx.doi.org/10.1021/j100112a021
http://dx.doi.org/10.1021/jp400571v
http://dx.doi.org/10.1021/jp400571v
http://dx.doi.org/10.1063/1.4829678
http://dx.doi.org/10.1063/1.4829678
http://dx.doi.org/10.1021/jp405720c
http://dx.doi.org/10.1021/jp405720c

