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Mode Tracking of Preselected Vibrations of One-Dimensional Molecular Wires
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The mode-tracking principleJ( Chem. Phys2003 118 1634) for the direct quantum chemical calculation

of preselected, characteristic molecular vibrations makes vibrational analyses of molecular wire junctions
feasible. Characteristic vibrational parameters of molecular bridges such as vibrational frequencies and force
constants can be of importance for subsequent treatments in physical model theories of electron transfer and
conductance. We investigate how efficient the mode-tracking protocol can be applied to determine such

vibrational parameters for a particular type of normal modes of dinuclear polyynediyl rhenium complexes.
The frequencies of vibrations of the carbon chain in complexes of the type-[R&]C),—[Re] with [Re] =
(75-CsMes)Re(NO)(PPH) have been studied as a function of the chain lengtHeading to molecules with

up to 144 atoms, for which harmonic wavenumbers are determined. The harmonic approximation for the
potential-energy surface is compared to explicitly calculated electronic energy values along normal coordinates
in order to get an estimate for the role of anharmonicity effects. A possible vibration-induced rupture of
molecular bridges is discussed. Different bond-breaking positions for a rupture process in the carbon chain
of the rhenium complexes are investigated.

1. Introduction algorithms that allow us to find particular modes of a molecular
wire. Once these modes are known, their force constants can
easily be used to fit different types of model potentials.

Troisi and Ratnéf used a model theory to describe the
tremendous interest in such molecular electronic building g:cetﬁt:(;al i%%dygﬁznzefrhr:glé%gggg:;:gg;ﬁﬁgg:’:Zr?tiﬂ?gﬂoﬂ
blocks#~® which might be of use for nanotechnology, also raises pp ge. 9

the molecule strongly depend on the tendency of the molecule

new theoretical questions, apart from the experimental ones,t han nformation nan lied electrical field. which
which are concerned with problems of synthesis and of tailored ‘0 €nange conformation upon an appiied electrical field, c

physical properties. An intrinsic feature of molecular devices is modeled in this theory by a parameter (see also ref 17 and

is their mesoscopic length scale. Their range of spatial ex'[ension.references therein fdirst-principles calculations on current-

requires different theoretical approaches for the different lengths m(;iuce(?c fr? nformat||onal cg_angt:]es .Of m|°|edCL.”ar W'Les)' A kanWI'
scales,~® which coverfirst-principleselectronic structure theory ~ £¢9€ 07 fn€ normal coordinates nvolved in such a conforma-

as well as simplified molecular mechanical models for interact- ';|oréalt Crrr]r?irrlnge arr'dn:hf ::o:‘rerstﬁonglngrfio:icen cc;rlitiant? can hcﬂ]p
ing atoms or groups of atoms. o dete e parameters for the description of this process.

The theoretically appealing aspect in the study of mesoscopica recent work? by Troisi et aI.,_a rate-constant expression f-o '
devices is that quantum and classical theories meet; Baer an harge _transfer through _V|brat|ng bridges is den\_/ed, In which
Neuhauséf (see also their earlier wordproposed a quantum he motions of the nuclei also enter. We emphasize that oth_er-

than-wire nuclear degrees of freedom of the full system, in
theory for conductance through a molecule clamped between

macr e electrodes. Their theory is derived for clamped particular those of the “electrodes” to which the molecule is
acroscopic electrodes. 1he eory IS derived for clampe attached, are usually neither needed nor wanted; only their
nuclei but it can be extended to include also molecular

vibrations. For this extension, the relevant states of the nuclei electronic effect on the vibrational properties of the molecular
: ' junction has to be considered. However, the explicit first-

ﬁr?’vn\igfi?’nar;d tlt tls the r?id'cat?d t?\'/n} of t?|s|V\f[ordk t?/ snhcf)V\: principles calculation of the complete many-body nuclear wave
0 ational states can be se:ectively calcuiated even 1o function, for which the potential from the electronic structure

%ﬁ@?ﬁgﬁﬁfﬁ;glrzl;h?rgies;;g?r:ug'%dn\é'_%ri{ﬂggg:ocr?;p:;gce _of an extended composite system were needed_, is time consum-
which can serve as a model for a protein or a one-dimensionélmg If not completely unfea5|ble. In such sifuations, a tallqred
molecular wire, with three different approaches ranging from protocol for the' calculation of only the important |nf0rmat|qn

’ is needed. While we choose a particular molecular junction

first-principles quantum mechanics to classical simulations. described below for our study, we would like to emphasize that

Their model .Ham'“?”'?" was of Toda form and Incorporates a presented methodology is general and of relevance to similar
Toda potential, which is similar to a Morse potential. In this systems

work, we also point out how such potentials may be efficiently h | ) ional f ) . )
parametrized fromfirst-principles calculations by applying BOF normal modes and vibrational frequencies are |pgred|-
ents in the study of electron-transfer processes. To give two

) further examples, we refer the reader to the calculation of
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Molecular bridges and wires currently represent a field of
high research activity because of their importance for a bottom-
up approach toward mesoscopic electrical devicésThe
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ful.1*15In many studies, the energy gradient of an excited or the calculation of the second derivative of the electronic energy
charge-transfer state with respect to a ground-state normalwith respect to coordinates of nuclei in the molecule, the
coordinate is applied in connection with the ground-state unfortunate scaling behavior of most electronic structure
vibrational frequency to determine system-specific paraméters. methods (cf., e.g., the discussion in ref 27 but also the new
In this work, we set out to apply the recently developed mode- linear-scaling techniqué3 for the calculation of the electronic
tracking techniqué? With this approach it is possible to reduce energy is the limiting factor for the vibrational analysis.
the computational costs for a vibrational analyses to the cost of Our recently developed mode-tracking approach to molecular
a few electronic structure single-point calculations, i.e., energy vibrationg® circumvents the calculation of the full Hessian
and gradient calculations. The calculation of the gradients is matrix withoutintroducing any approximation. This is achieved
usually much faster than the energy calculation. Models of by a combination of the calculation of the second derivatives
carbon nanotubé&%and the large gold cluster [(BPAU)C]?™ 2 of the electronic energy (with respect to Cartesian nuclear
were already successfully analyzed with this novel technique. coordinates and to predefined distortions of these coordinates)
The mode-tracking approach yielésactnormal modes and  and the diagonalization in a subspace iteration method. Since
harmonic frequencies for preselected molecular vibrations. Thethe second derivatives in this procedure are calculated semi-
vibrational information accessible by mode-tracking calculations numerically?® the calculation of preselected, characteristic
can be used for modeling molecular wires, although this is not vibrations is possible for any molecular size for which a structure
explicated here since our focus is on a first analysis of the optimization is possible.
feasibility of the mode-tracking technique for this purpose. For all density functional theory (DFT) calculations, we used
Since the experimental synthesis of molecular wires is still the density-functional programs provided by the TURBOMOLE
hampered by a lack of synthetic protocols, which yield 5.4 suite® All results are obtained from KohrSham-BP8&-32
reproducible nanoscale wires of well-defined electronic proper- calculations, in which we apply the resolution-of-the-identity
ties, we concentrate in this work on the well-defined systems (RI) density-fitting techniqué?3* Ahlrichs’ SV(P) and TZVP
that were synthesized by Gladysz and co-workers in recentbasis se§3¢were employed. For the rhenium atoms, we used
years? These examples for molecular wires are stable conju- the Stuttgart effective core potentidfs.
gated hydrocarbons of the polyynediyl type (i.e-J=C—], All structures were fully optimized with the corresponding
chains), which are capped by metal complex fragments and weremethod and basis set. We performed vibrational analyses in a
obtained by well-directed efficient chemical synthesis. These harmonic force field by calculating the second derivatives of
Gladysz-type one-dimensional carbon-chain complexes offer thethe total electronic energy computed as numerical first deriva-

possibility to conduct electrons through theirsystemt We tives® of analytic energy gradients obtained from TURBO-
study the low-lying motions of the carbon chain in rhenium MOLE. The BP86 functional was chosen because it is a reliable
complexes [Re}(C=C),—[Re] with [Re}= (#5-CsMes)Re(NO)- functional for the calculation of vibrational frequencies if the

(PPh), which were synthesized in the Gladysz group recefitly; —calculated harmonic frequencies shall be directly compared to
see section 3 for a description of the structures of these the experimental fundamental ones (i.e., without scaling of
complexes. These wavenumbers allow one to draw conclusionsfrequenciesj?

on the flexibility of the carbon chain; it is known that the For the mode-tracking calculations, we used the AKIRA
curvature in the solid state for similar Pt compounds can be Progran® The standard quantum chemical method for the
very different for different chain |engtf?§By a Comparison calculation of vibrational frequenCies and normal modes is to
with a simple polyyne chain as a model for the carbon chain in solve the eigenvalue equation

these complexes, one can draw conclusions on the couplings

between motions within the chain and motions in the ligands (H(m) —2Q0=0 D

on the rhenium centers in the spirit of a systems theoretical

study)?25which connects properties of analogous (sub)systems whereH(™ is the mass-weighted Hessiah, is related to the

in a rigorous manner. Such couplings for an “embedded system”square of the vibrational frequency, and the normal modes are
(the chain) in a full cluster can easily be recognized in the mode- given by the eigenvectogy. In the mode-tracking approach,
tracking approach by the character of the basis vectors that arewe use a Davidson subspace iteratibwhich iteratively leads
added in subspace iteration steps (see the following methodologyto the eigenvectan,. In iteration step we solve the approximate
section 2 for details; results are discussed in section 4). In eigenvalue problem

particular, we will study in section 5 how the frequency of the

“basic” nodeless vibration of the chain changes as a function (H™ — 20yq®, =r®, )

of the length of the chain. This may then be used to find

simplified models for the estimation of these frequencies for wherei®y is theith approximation to the eigenvaligand the
even longer wires. The importance of anharmonicity effects on ,5rmal mode approximatiog® is expressed as a sum over
the tracked vibrations is investigated in section 6. Apart from paqis vectors (=1,
the vibrational motions of the molecular junction, we also
investigate the possibility of a vibrationally induced bridge i
rupture in Gladysz-type complexes in section 7. q(‘)k = Z G kbi (3)

=

2. Quantum Chemical Methodology
The coefficientsCjx in this series expansion represent the

The standard quantum chemical calculation of molecular overlap of the exact normal mode with the basis vecthirss(
vibrations in the harmonic approximatfyets computationally  the number of atoms)

more complicated the more atoms are involved. The reason for

this is not the diagonalization of the Hessian matrix, which yields e _

the normal modes, but the computationally very demanding Ck= [0, |b'= Qk,ibji 4
calculation of each of its entries. Since each element requires =
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These coefficients are calculated “on-the-fly” (see ref 20 for
details on the algorithm) since the exact normal mode is only
known after convergence. Equation 4 yields the quantitative
basis for the systems theoretical analysi3the contribution

of the vibrational motion of a well-defined and small local
systemb? to the vibrational motioryy of a larger complex, in
which the small system is embedded, is givenCy.

When the residuum vectaf)y for a selected normal mode
is sufficiently small, the normal mode approximation is con-
verged to the exact eigenvectp The exact wavenumber can
then be obtained from the corresponding eigenvalie

2.1. Setting up the Local Vibration. As can be seen from
eq 2, a guess for the vibrational normal mode is necessary in
the first iteration, where ) = bl. Several methods are possible
for the construction of normal mode guesses, e.g., results from
less expensive quantum chemical calculations or force field
models?® However, semiempirical and empirical calculations
require parametrizations, which are not generally available for
transition-metal complexes such as those investigated here.

Therefore, we use a different approach here, which addition-
ally offers the possibility to quantify the couplings between an
assumed local vibration of a fragment of the complex and the
rest of the molecule. First, we partition the full compound in
the subsystem that shall be investigated and that which is
supposed to constitute the environment. The selected part is
usually small enough for a complete harmonic force-field
calculation using accurate density functional methods. After the
frequency analysis for this subsystem has been performed, one
can choose vibrations of interest by inspection of the set of
normal modes obtained. These are then employed as a first
approximationg® for the local vibrations of the subsystem
embedded in the full compound.

If the actual vibrations of the embedded subsystem are
coupled to the remaining parts of the system, the algorithm will
generate new approximations to the true normal mode according
to eq 3. The extent of the coupling can be assessed by the
magnitude of the coefficients given in eq 4. If the coefficient
for the first basis vecto€; x for normal modek is large, then
the assumption of éocal guess vibration, i.e., one which is
essentially localized within the subsystem, is confirmed. Many
coefficients of considerable magnitude for a normal mode
indicate stronger couplings to the ligands and make the algorithm
increase its number of basis vectors step by step.

For the study of the molecular junction, we have chosen the © byt
isolated carbon chain as the subsystem and used the mode- c;Q
tracking protocol to include couplings of this bridge with the .—.
vibrations of the rhenium complex fragments through successive d o 1c
iteration steps.

Figure 1. Optimized structures of the diastereomées 1b, and 1c
3. Rhenium Complexes with Molecular Bridges of for the compound [Re}(C=C),—[Re] (shown here are the diastere-
Different Length omers forn = 2).

We optimized the structures for all complexes of the type compared to the experimental value of 782.88 pm can easily
[Re]—(C=C),—[Re] with [Re]= (°>-CsMes)Re(NO)(PPE) for be explained by summing up the differences in the individual
values ofn from 2 to 10, i.e., 4 to 20 carbon atoms in the chain. bond lengths.

We should stress that we have not replaced the €2sMes Even for the largest compounds we find a significant
ligands by smaller Cp= CsHs ligands. In case oh = 2, we difference in the bond lengths for the<C and the G-C bonds,

also optimized three different diastereomers, which are showni.e., bond length alternation occurs. The difference between the
as compoundda, 1b, andlcin Figure 1. The most important  longer and the shorter bond lengths decreases from 11.0 pm
structural data are given in Table 1. It can be seen that the bondfor n = 2 to 7.1 pm forn = 10. This is in agreement with
distances for the thre@= 2 compounds are quite similar. The previous studies on polyyne structufésdlso the Re-Cchain
largest differences are observed for the-Rg, distance (up to distance decreases monotonically from 204.2 to 199.4 pm when
0.5 pm). Also the ReRe distance varies by as much as 0.6 going from the G to the Go chain. The largest decrease is
pm, but this is negligible compared to the total distance of about observed from the £o the G compound (about 3.5 pm), while
792 pm. The difference of the Ré&e distance of 792 pm the chain length decreases by only 2.1 pm from thedthe
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TABLE 1: Selected Bond Lengths and Re-Re Distances (Chain Length) of [Re}-(C=C),—[Re] Complexes

n Re—Ccham (CEC)chain (C— C)chain Re—-NO Re-P Re—Ccp Re—Re
2a 204.2 124.7 135.7 179.5 242.4 228244.9 792.4
2a, exp 45 120.2(7) 138.9(5) 782.88(4)
2b 204.0 124.8 135.5 179.5 242.3 2292314.6 791.8
2c 204.0 124.8 135.5 179.6 242.2 2292244.6 791.8
3 201.5 124.8125.5 133.8 179.7 242.4 236-245.0 1044.8
4 201.0 125.3125.6 132.7133.4 179.8 243.0 230:-7244.8 1300.9
5 200.6 125.2125.7 132.3-133.1 179.9 243.3 230-244.7 1557.1
6 200.2 125.3-125.8 131.9-132.9 179.9 243.5 231:r44.6 1813.5
7 200.0 125.4125.8 131.7132.8 179.9 243.9 231-244.5 2070.4
8 199.7 125.5125.9 131.5132.6 180.0 244.0 231-444.4 2326.7
9 199.5 125.5125.9 131.3-132.6 180.0 244.2 231-3244.4 2583.3
10 199.4 125.6126.0 131.%132.5 180.0 244.3 23172443 2839.8

All values are given in pm. Experimental values are only available for complex 2(a) [45].

: TABLE 2: Vibrational Wavenumbers (BP86/RI/SV(P)) for
Cyo chain. As further general trends, we observe that the Re Selected Normal Modes of the Carbon Chain in Complex 1c

NO distance becomes slightly larger with increasing chain from Full Force-Field Calculations Using SNF (Left) and
length, which is also the case for the Re bond length and  Mode-Tracking Calculations Using AKIRA (Right) 2

the distance to the carbon atoms in the pentameitydlopen- no. SNE AKIRA
tadienid ligand. The ReRe distance increases by about 256.1 1 1173 1251
256.9 pm when adding a;Gubunit. Only from then = 2—3 2 2677 263.4
compound is the enlargement much smaller (252.4 pm). The 3 293.5 291.4

estl_mated F’Q&eRe distance |_n the . E.:ZO_Re complex IR ref . aThe subsystem methodology has been used to obtain initial guesses
23 is 28.7 A, and we obtain a similar value of 28.4 A. This  for the vibrational wavenumbers. All frequencies are given irtm
deviation may be due to slight differences in the individual

carbonr-carbon and rheniumcarbon bond distances, since no 4. Subsystem Methodology for the Molecular Junction

S|gn|f|cqnt bending of the carbon chain is observed in our  the Re complexes investigated here are too large to perform
calculation. systematic vibrational analyses for all compounds using suf-
Several studies concerning the electronic structure of theseficiently large basis sets (up to 144 atoms, corresponding to
species have been performed over the last years. In ref 23, it is2072 contracted Cartesian or 1984 SCF basis functions using
concluded from experimental UWis spectra that the HOMO/  the TZVP basis set). As initial guesses in the mode-tracking
LUMO energy gap in these complexes is nonvanishing even if calculations, we used the subsystem methodology described in
the chain length is increased to infinite length. Extrapolation section 2.1. We carried out calculations for a polyyne chain of
leads to approximately 550 nm for the excitation energy for the same length as in the full complex, saturated with hydrogen
the firstr—x* excitation. This would also support the observa- atoms at the terminating carbon atoms. For these models of the
tion that there is a considerable bond length alternation for longer chain, we obtained the complete harmonic force field in a BP86/
carbon chains, while bond-length equalization is usually taken RI/TZVP calculation with SNF? In the calculation of the

as a hint for vanishing HOMO/LUMO gap$#4 Bond-length normal modes, we assigned an artificial mass of 614.16 amu to
equalization is observed in HartreBock calculations on  the two hydrogen atoms. This is the mass of one of the [Re]
oxidized systems such as butadi§heor related [Re}Cy— complex fragments. AKIRA then allows us to use the normal

[Re]2* complexes similar to the ones investigated HéEhe modes for this subsystem as an initial guess for the motions of

corresponding HOMOs of the neutral systems were identified the Ré-Czo—Re subunitin the full compound. An initial guess
to have considerable amplitudes on the metal centers, on thel®" the Hessian of the full system, which enters the precondi-
nitrosyl groups, and also partiak @ character, so that structural tionerin the Dgwdson algorithm, is not obtained, and a unit
differences between the neutral and the 2-fold cationic forms Matrx is used'lnstead. . .

for the Re-C4,—Re model system are not restricted to the carbon In the following, We examine one example for a comparison
chain. In the above-mentioned work, it was also concluded from of a complete force-field calculation from BP8E/RI/SV(P) with

NBO analyses that upon 2-fold oxidation 0.74 electrons are lost 2ertni?]d§r_égct|§r;%scsslglifégzcﬁgg tgfe tﬁ:mi dn;(-attrg?:(lj(ir?ndr ebsi?tls
from the G chain and 0.72 from the nitrosyl ligands. The y g '

bondi ituation i lated [REC.IR | The calculation is carried out for compléx, i.e., for a carbon
onding situation In refate [RutC4—[Ru] comp Exes was chain with four carbon atoms. As a first test, we used six normal
analyzed by extended kel and DFT calculations and

; . , i . . modes obtained in the full force-field calculation as initial
explained in terms of interactions of frontier molecular orbitals guesses for the mode tracking. In all cases, we obtained
(FMO) in ref 46. The bonding is ascribed to a stromype  conyergence within one iteration, as one would expect for
interaction between high-lying metallic FMOs and low-lying  ¢orrect normal modes. The wavenumbers show slight differences

orbitals of the G unit, which leads to an important electron  of yp to 2.5 cmi® in the case of low-frequency modes, while

donation toward the metal center. Additionally, a weakeype the differences are less than 0.4 énfior vibrations in the test
back donation from occupied metallic FMOs to high-lying set with frequencies 200 cnTl.

acceptor G FMOs is recognized. Also for this molecule, it is Additionally, we carried out mode-tracking calculations for
observed that the HOMO is delocalized over the-R—Ru which we used the subsystem methodology described above.

unit, so that electron loss upon oxidation is not purely metal The results for three low-lying vibrations of the carbon chain
centered. A computational study of odd-numbered carbon chainare given in Table 2. The deviations between the mode-tracking
complexes, which are not investigated here, was conducted byresults and the SNF wavenumbers are about 7.8 dor 7,

Jiao and Gladys?’ 3.3 cntlfor ¥, and 2.1 cmt for #3. The rather high deviations
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TABLE 3: Wavenumbers of the Lowest-Frequency 125 . : . T . . .
Vibrations of Isolated Carbon Chain Modes of T
[Re]—(C=C),—[Re] Complexes §) and the Corresponding \
Models H—Cy—H (¥s,p) with an Artificial Mass of the \

100 |\ *—x subsystem
Hydrogen Atoms of 614.16 amé . +-=+ full compound

no. iterations

n Peub v i+ E
2a 82 120 6+ 5 =
3 42 77 4+ 3 g
4 25 53 3+8 €
5 16 45 5+4 5
6 13 44 4+5 §
7 9 40 2+ 7
8 6 29 5+7
9 6 32 6+ 2
10 6 32 14+ 3

a All values are given in cmt. We also give the number of iterations
asi + j, wherei is the number of initial iterations. From the set of 0
modes produced in these initial iterations, the lowest-frequency mode
was chosen and further optimized in a second subspace iteration, which
requiredj iteration steps. Note that in caserof= 10 the initial number
of iterations is quite large because additional modes (not presented here{
have been optimized simultaneously.

4 6 8 10 12 14 16 18 20
chain length

igure 2. Wavenumbers of the lowest-frequency vibrations of the
arbon chain in the compounds of type [R€x—[Re] as a function

of the chain lengtix (full compound) and of the corresponding models
H—Cx—H with an artificial mass of the hydrogen atoms of 614.16 amu.
for 71 and¥, demonstrate that the threshold of 0.0005|fay, All values are given in units of cr.

which was applied here, should be further decreased in order

to improve on these results. It should be stressed that thefor the three longest carbon chains of about 30 tare almost
calculations are nontrivial because there are many eigenvaluesqual in the mode-tracking calculation. This is also the case
of the Hessian in the low-frequency range of the rhenium for the subsystem model compound, for which we obtain 6'cm
complexes, which may lead to heavy mode-mixing and will thus for n = 8, 9, and 10.

increase the number of subspace iterations. This is in particular | case of the [Re}Cao—[Re] complex, we optimized several
the case foi;, which contains large contributions of the other yiprations of the carbon chain. Three of the vibrations are
ligands at the rhenium centers, so that many corrections to thedepicted in Figure 3, which resemble the vibrations of a rope
initial guess are necessary. Moreover, the relative numerical yith fixed ends. All vibrations turned out to show nodes at the
errors become larger the smaller the vibrational frequencies areend of the chain, i.e., at the Re atoms. The first vibration at 32
since the energy and gradient changes for a given numericalcm-1 has no further nodes and corresponds, thus, to the basic
step size become smaller. This can in principle be overcome nodeless vibration of a rope, while the second (39 Ynand

by optimizing the step size for a particular normal mode after third (56 cnt?) vibrations show one and two additional nodes,
convergence with the well-chosen default step size has beenrespectively, which correspond to the first and second “over-
obtained. tones” of a rope.

5. Mode Tracking for Modes of the Carbon Chain 6. Anharmonicity Effects

Attached to the Rhenium Metal Fragments . - . . .
g The motions of the carbon chain investigated in this work

Since every iteration step introduces numerical errors, it are rather “floppy” vibrations with small force constants. For
appears advantageous to perform the subspace iteration processich vibrations, it is important to estimate the effect of
in two steps. First, an optimization with a larger threshold anharmonicity of the potential energy surface. Unfortunately,
(0.0005 for|rmeyd) is applied, in which several initial guess the pure diagonal contribution, i.e., the contribution arising from
vectors of low quality are used as basis vectors. After the third and fourth derivative of the electronic energy with
convergence of this calculation, one can select those approximateespect to the same normal coordinate to the anharmonic
eigenvectors that are desired in the calculation and start a seconavavenumber correction within vibrational perturbation theory
mode-tracking calculation with a tighter residuum threshold is not well suited to quantify the anharmonicity for that vibration
(0.000 25 turned out to be sufficient). This protocol leads to (see, e.g., ref 39). Nonetheless, by studying the potential-energy
high-quality results for the vibrational wavenumbers and is curve along a normal coordinate, we may get an idea of how
therefore applied for all calculations in this section. In the first important anharmonicity actually is for a given vibration. This
iteration, we optimized at least three low-frequency modes knowledge can be useful if model potentials for the correspond-
obtained in the subsystem calculation. The lowest frequency of ing normal mode are employed in subsequent modeling to go
the set of eigenvalues obtained in this calculation was further beyond that of a pure harmonic oscillator.
refined in the second part of the iteration process. The results We therefore calculated the electronic energy (BP86/RI/
are given in Table 3 and Figure 2. We also show the vibrational TZVP) along the lowest-frequency normal coordinate modes
frequencies obtained in the subsystem calculation with SNF of the carbon chain of the [Re]C,—[Re] complexla and of
(with fictitious masses of 614.16 amu for the hydrogen atoms). the corresponding model system-i8,—H, which are depicted
The two curves in Figure 2 for the frequencies as a function of in Figure 4. The corresponding harmonic approximations to the
the number of carbon atoms in the chain are almost parallel. potential-energy curves according to the harmonic force con-
An exception is the rather small wavenumber obtained for the stants and the zero-point kinetic energy levels are also shown.
n = 8 compound. But considering the numerical error for these In the case of the model system&€,—H, for which again the
modes of very low frequency, we note that the wavenumbers mass of 614.16 amu was used for the hydrogen atoms, we
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Figure 3. Normal modes and corresponding wavenumbers of the carbon chain in(&e{).0—[Re] found via a mode-tracking calculation with
AKIRA. The program JMOL [52] was used for the visualization of the normal modes.

observe a remarkably good agreement in the vicinity of the anchors, even if the vibration is a low-frequency bending motion
equilibrium structure, while the harmonic approximation is of the whole bridge.

getting slightly worse for larger displacements. For the fRe]

Cs—[Re] complex there are only tiny deviations from the 7. Rupture of the Molecular Bridge

harmonic approximation even near the equilibrium (@
between 0.5 and 1.0 bohr (ar#d), but the relative deviations
are smaller for larger displacements along this coordinate, whic
indicates that the harmonic approximation is better fulfilled for
this system. A quadratic fit to the calculated potential-energy

The results from the frequency analyses exhibit many low-
hfrequency vibrations of the carbon chain, which are already
excited at room temperature, particularly in the case of the longer
chains. To study the possibility of rupture processes of the

. olecular bridge in these complexes, we calculated BP86/RI/
curve results in an excellent agreement between the calculate

A . ) ) ZVP energies for the breaking of the chain [R€o—[Re]
data points and a harmonic potential which corresponds to Qinto two fragments. Decompositions into fragments ([Rel-C

wavenumber of 123 cri. This is in good agreement with the
. . [Re]), ([Re}-C,, Cis—[Re]), and ([Re}Cio, Cio—[Re]) were
wavenumber of 120 cnt calculated with the mode-tracking taken into account, where we considered neutral as well as

method. We note that this small deviation stems from the .parheq fragments. The reaction energies in Table 4 show that
numerical differentiation, which can be improved easily in nqne'of the breaking processes is energetically favorable. The
AKIRA by, e.g., increasing the number of grid points for the  nrqycts are in all cases less stable than the reactant. (There is
discretized derivatives, which also occurs in standard numerical no need for a counterpoise correction of the data because of
frequency calculations. the magnitude of the energy values). Even structural relaxation
From the calculations reported in this section, we conclude of the fragments, for which we give the energetics in the lower
that anharmonicity effects play a minor role in molecular half of Table 4, does not lead to a substantial lowering of the
junctions, which are symmetrically attached to two heavy reaction energies. Two conclusions can be drawn from the
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Figure 4. Potential energy curves along the lowest-frequency vibrational normal coordinate for a motion of the carbon chain of-{Ge{fRs]]
complexla (bottom) and the corresponding model systemC4—H (top) with artificial masses of 614.16 amu for the hydrogen atoms, calculated
using BP86/RI/TZVP. Also shown are the harmonic approximations for the potential energy along these normal coordinates and the zero-point
kinetic energy levels as well as the wavenumbers in‘cfrom a quadratic fit to the data points.

results. First, the breaking into two neutral fragments is for all TABLE 4: Reaction Energies AE, in kJ/mol for the

rupture positions more favorable than a decomposition into Egﬂ:t‘éf Rzitgr?iféarr?gncg{iigr?ii Erggﬂgn(t:szo[_R[S]g]Cimgnd
) ) n

charged fragments, which might change if solvent effects are c__[Re], Obtained from BP86/RI/TZVP Calculations
considered. Second, among these decomposition processes, the

bond breaking at one of the two metal centers is energetically n m ABrup
preferred compared to bond breakings within the carbon chain. 0 (anion) U”E%""(‘égt‘i"on) 958
Our results are in line with the experimental f&that these 0 (cation) 20 (anion) 595
metal-capped, wirelike polyynediyl chains are remarkably stable 0 (neutral) 20 (neutral) 435
in the solid state and thermally decompose only at temperatures 10 (anion) 10 (cation) 876
above 15C°C, which is ascribed to chairchain cross linking. 18 Eﬁgﬂ(t)rna)l) ig ((ﬁg'uotrr‘;l) %Zg
A possible reason for the lability of [ReJCoo—[Re] in solution 2 (anion) 18 (cation) 1008
are similar impurity-catalyzed cross-linking mechanisms. 2 (cation) 18 (anion) 836
On a mesoscopic length scale, forces other than those induced 2 (neutral) 18 (neutral) 563
by collisions in chemical reactions can become important, for ) Relaxed
which the energetical analysis presented in this section will be 8%?2{%2) %8 ggﬁ?fr?)) ggg
valuable. Theoretical investigations into mechanically induced 0 (neutral) 20 (neutral) 408
processes have been conducted by Marx and collabotéfors 10 (anion) 10 (cation) 844
organic molecules attached to gold clusters and by Frank et 10 (cation) 10 (anion) 844
al49-51 The latter authors also derived a simple model with %%R%ﬂgan 113 ((g:t‘i’g:f;') gg’g
system-specific and thermodynamic parameters (bond type, 2 (cation) 18 (anion) 790
pulling rate, temperature) in order to predict the bond-breaking 2 (neutral) 18 (neutral) 546
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probability. The model involves simple springs for each bond. and reliability offirst-principlesquantum chemical methods to
The results obtained in this work would allow one to use a more provide system-specific information useful for more approximate
elaborate spring model for the collective motions of the ropelike models. Consequently, tailored quantum chemical protocols such
wire in such approaches. It is noteworthy thathRg and as the mode-tracking approach close the gap between explicit
Frank® also find in theirfirst-principles molecular dynamics  and accurate quantum chemical methods and model theories
calculations a polymer breaking at its attachment positions on based on quantum mechanics or molecular mechanics.
a surface.
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