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In this work, the vibrational force fields of hydrogen-capped oligoynes of increasing chain lengths are
investigated by means of density functional theory calculations. It is shown that the interaction force constants
between CC stretching coordinates decrease slowly with the distance between the two bonds considered. The
consequence for the frequency dispersion of longitudinal optical (LO) phonons of an infinite polyyne chain

is discussed and related to the observed behavior of the spectra of finite-size molecules. Effects of the exchange-
correlation functional and of the basis set on the vibrational force constants are also investigated and the need
for a scaling procedure is pointed out. Accordingly, new force fields which allow predictions in very good
quantitative agreement with the available experimental data for oligoynes have been obtained, providing a
sound assignment af andf lines.

I. Introduction energy gap between ands* states. The simulation of infinite

Many experiments? and theoretical studigsté indicate that chains,_characterized by different degrees (_)f bond length
linear chains of sp carbon atoms (polyynes) show interesting altérnation (BLA= Rc-c — Rec) has shown to give markedly
nonlinear optical properties and peculiar electronic transport different longitudinal optical (LO) phonon dispersiofis.
properties. Furthermore, their presence has been recently In this paper, we present a detailed description of the
revealed in carbon clusters and carbon nanotibé$For these ~ Vibrational dynamics of polyynes based on first-principles
reasons, polyynes have recently attracted the interest of manycalculations. The performances of different theoretical methods
researchers both from the experimental and the theoretical pointin predicting the effect ofz-electron delocalization on the
of view.2 Last but not least, polyynes are the real systems, intramolecular potential are analyzed on the basis of experi-
which more closely resemble the early models of 1D atomic Mental Raman daféA new scaling procedure of the theoretical
chains, which have been central in the development of solid- force constants is proposed, and the spectroscopic assignment
state physicd%2! of the so-calledx andp lines?* is given.

Raman spectroscopy is widely used for studying carbon
nanostructured materiatd Therefore, an accurate modeling of II. Theoretical Methods and DFT Calculations

their vibratipnal properties is highly .desirable for a bgtter Simulation of the Raman spectra is usually handled in the

understanding of this class of materials through vibrational hypothesis of mechanical and electrical harmonigity? The

spzlctr:osccr)]p);]. dv of longitudinal vibrati ¢ an ideall harmonic intramolecular potential energy can be expressed on
though the study of longitudinal vibrations of an ideally o 155i5 of internal coordinates; in this case, the vibrational

inf[nite po]yyne chain is. very simplel from th.e_ mathematical frequencies are obtained by solving the following eigenvalue
point of view, the physics involved is not trivial due to the problen?®

presence of long-range interactions associated with the delo-
calized nature ofr electrons. This fact is ascribed to the relevant
electron-phonon coupling, a common characteristic of many
polyconjugated organic systerfsThe investigation of the
vibrational properties of polyynes can therefore provide useful whereF is the force constant matrix in internal coordinat@s,
informations onz-electron delocalization and related electronic is the kinetic matrix,wx = 27vx, wherevy is the vibrational
properties. In a recent paper, we have shown that phononfrequency of thekth normal mode, and the eigenvectog
dispersion curves of an infinite linear carbon chain are strictly describes the normal modes of vibration.

related to the semiconductive character of this sysfem. If one assumes a perfectly linear structure for polyyrizs,
Moreover, the behavior of the phonon dispersion nearlthe point group symmetry), it is possible to obtain an exact
point of the first Brillouin zone (BZ) is reminiscent of the separation of the vibrational space into two orthogonal subspaces
occurrence of a Kohn anomaly qt= s/a in the limiting case belonging to different symmetry specie¥ (or stretching

of a cumulenic structure (one atom per cell, with periodicity coordinates an8l for linear bending coordinate®) This allows

a). This effect is modulated by the degree gfelectron restriction of the study to longitudinal vibrations; their descrip-
confinement, responsible for the characteristic “dimerized” tion can be worked out on the basis of a subset of internal
(Peierls-distorted) equilibrium structure with the consequent coordinates containing just bond stretchings (CC and CH). This
doubling of the crystal unit cell and opening of the electronic is justified for several reasons.

10.1021/jp0757006 CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/17/2007

GFL, = wll, (1)



11646 J. Phys. Chem. A, Vol. 111, No. 45, 2007 Tommasini et al.

" SN AT j " T BALYPicopTZ —— 3 e (ECC)
\ i PEEPBE/oc-pVTZ e s I i s e e e SN I e v,
I\ I\ PBETPBEfCpVTZ —— I 'Y l = =
|
/ \ J\ ti-s - - et gy -
ne 0\ J innn
I II1I 241012345678 81011121314161617181920 2-1 0 1 23 4 65 6 7 B 91011 121314151617 181820
= h .III I||I
B (LA / —T
2 \ : .
& N=7 e o -7 N7 - -
% 1] L oy LL
E I i L, W, ... . 0w, e
& I\ 'Ill‘u'll' 20123465676 310NMIZITMI5151TI8 2.1 0 1 2 3 456 7 8 510111213 14151617 18
= A
& N-6 e YN Wi ) ————————————————
=

I i B ] | ] - ..
J I Jk I """ | “snnxn
N=5 ~ ,"I - /I \ I? -Ii Il'l I‘ 2 .I3 4 56 ; Iﬁ IQ |Il'l 1‘1 12 1‘3 1415 'I6 240 I' I? IS :1 IS IG 78 IO IID 1" 1‘7 1‘5 1‘4 1‘5 1‘6
[
I A} | b= -5
- — L\J  S— N PN PR U LR Sl
1800 1900 2000 2';00 2000 =300 2400 2500 24 0 1 2 3 4 5 6 7 B 9 10111213 14 24 0 1 2 3 4 5 6 7 8 9 101112 13 14
wavenumber fcm™|
Figure 1. DFT simulations of the Raman spectrum of the polyynes = “n" et i
H—Cx—H (with 4 = N =< 8) carried out with hybrid (B3LYP, T T T TR Rt o e e e
PBE1PBE) and pure (PBEPBE) functionals, compared to experimental bordrelex b e
Raman data (reported here as black vertical sticks whose heights arerigure 2. Eigenvectors relative t@ and a lines of Raman spectra
proportional to the relative Raman intensit§)All of the calculations obtained from unscaled PBE1PBE/cc-pVTZ calculations for the oli-
have been carried out by using the cc-pVTZ basis set. goynes series with & N < 8. Gray bars represent the bond length

changes associated with single bonds, while the black bars are relative
(a) Strongly Raman-active transitions of polyynes (spectral to triple bonds.
region between 2000 and 2200 cthcorrespond to collective
CC stretchingg2*that is, to longitudinal vibrations of the chain.
(b) It is known that delocalization/confinementogtlectrons

So far, based on thgualitative agreement between calcula-
tions and experimental trends, we propose a deeper analysis of
. . . . . the results. This analysis will provide indications on how to
IS r_eIevant in affecting the terms of the |_ntramolecu|ar potential, build a reasonable scaling procedure. The following discussion
which depend.on cc .stretch|r.19 c_:oordmates. will be devoted to (a) the vibrational assignment of batAnd

(c) .No experllr-nental mformatlon is available on Iow-frequency B lines, in particular, the vibrational assignment of fhéne,
bending transitions, which, so far, have not been observed in\yhich has not yet been given so far, and (b) the rationalization
the Raman or in the infrared spectra. of the mechanism which leads to the softening of théne

A. Prediction of Vibrational Frequencies. In Figure 1, the and the explanation of the different behavior of théine.

experimental Raman spectra of polyynes of increasing length  |n Figure 2, the eigenvectors obtained from calculations for
are compared with the results of DFT calculations, carried out gligoynes ranging fromN = 4 to 8 are sketched. It can be

with different eXChange-COI'l'elation functionals (BgLYP, PBEPBE, |mmed|ate|y realized that for all of the chain |engths' the

and PBE1PBE) and with a polarized triple split basis set (cc- eigenvector associated to theine describes a collective out-
pVTZ) using the Gaussian®Bpackage. of-phase stretching of the triple bonds (black bars) with respect
Several observations can be made. (i) The experimentalto the single bonds (gray bars). This vibration is closely related
spectrum of all the molecules shows two well-defined Raman to the LO phonon of the infinite polyyne chain at tRepoint
lines. The strongest oneo(line) undergoes a continuous (q = 0), which can be described as the “oscillation” of BLA.
frequency softening witlN (N = number of triple bonds inthe  In oligoynes, this normal mode is thus the counterpart of the
chain); the weaker ling(line) does not follow a simple trend.  so-called effective conjugation coordinate (ECC coordinate),
Moreover, its intensity behavior (relative to the main line) shows already introduced in the study of the vibrational dynamics of
a non-monotonic evolution. (i) Although the numerical agree- polyenes and polyacetyled&Moreover, it is worth recalling
ment between predicted and experimental Raman frequencieghat the BLA oscillation of an infinite polyyne exactly coincides
is not good (discrepancies of the order of 100 ¢mre found), with the g = 0 LO phonon; in polyacetylene, it is just a
the observed frequency softening of the main line is predicted vibrational coordinate. In this case, the two strongly Raman-
by all DFT calculations considered here. However, a closer ook active phonons are due to BLA oscillation coupled with CH
at the predicted trends indicates that DFT theory always gives wagging vibrationg2 By joining the bars in Figure 2 along the
a steeper dispersion than experimental spectra. (iii) As experi-chain, a line showing the characteristic shape of a “quasi-
mentally observed, calculations indicate that a second, minor phonon” confined into a finite size domain is obtained. The
feature appears in the Raman spectra. This line is assigned tasibrational displacements lie on a stationary wave with nodes
the observed3 peak?* Both the calculated frequencies and |ocated at the end of the molecule.
relative intensities of this line are not in good agreement with  The eigenvectors of thg line show the following charac-
experiments. Sometimes (she= 6 calculation), the predicted  teristics (see Figure 2): (1) All triple bonds stretch, while the
frequency ordering of thex and $ lines is opposite to the  contribution of the single-bond stretching is generally negligible.
experimental one. This is evident especially in the case of the chains with an odd
Observations (i)-(iii) suggest that a satisfactory numerical number of triple bonds. (2) In the case of chains with an odd
agreement between calculations and experiments can be obtainedumber of triple bondsN = 5, 7), the triple bonds of adjacent
only by application of a suitable scaling procedure of the DFT- units oscillate out-of-phase. The wave which describes the
computed force fields. The same conclusion was stated in refprofile of the normal mode shows, respectively, 4 and 6 nodes
29, where a force-field scaling was proposed and applied with along the chain, that i$y — 1 nodes. These normal modes can
rather good success. The new scaling procedure developed irbe made to correspond to a phonon of the dimerized infinite
this work and the results obtained will be discussed in detail in chain, that is, to the phonon located on the LO branch at the
section 111 BZ edge ¢ = n/c), which is exactly described as a pure out-
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of-phase stretching of the stiffer (triple) bonds. (3) For chains
with an even number of triple bondN & 4, 6, 8), the inversion

center is located on the central single bond, and the shape of

the eigenvector is more complex. Considering one-half of the
chain, it is found that adjacent triple bonds stretch with opposite
signs. However, according to the “gerade” character of the mode,
the triple bonds related by inversion symmetry must exhibit the
same displacement (same sign). Consistently, the two inner triple
bonds show identical displacements, a fact which results in an
eigenvector showind\ — 2 nodes along the chain (one node
less than the previous case).

From (2) and (3) above, we can conclude that the Raman-
active normal modes associated to théne have a different
character for even and odd chains; this implies that their
frequency trends should be discussed by taking into account
such an even/odd effect (see also section Il of Supporting
Information). Indeed, a closer look at the experimental data
shows thats lines of even chains practically do not exhibit
frequency dispersion with chain length, while tAdines of

odd chains undergo a clear frequency softening as the size of

the chain increases.

B. Comparison with Phonons of the Infinite Model. The
clear relation between modes and the = 0 LO phonon of
the 1D crystal, as well as the correspondence betweels the
modes of odd chains and tlee= z/c LO phonon, suggests a
discussion of our results by exploiting the simple mathematics,
which describe the longitudinal phonons of an infinite “dimer-
ized chain”. This problem can be analytically worked out in
terms of the force constants collected in thematrix (see
Supporting Information). In particular, for the optical phonons
at q = 0 and atz/c, one obtains the following expressidas

4F,
gqg=0 w?=—2
k, + k, Z
F,= +$ [fi+f5—2f1) (2)
2F
q—% 0 ="
+ZZ( 1] (3)

wheremis the mass of carbon arktl, andF,; are the collective
force constants whose explicit expressions in terms of stretching
interactions are given. ThHe andk; are the diagonal stretching
force constants relative to the two borrdsndry; the termd "
describe interaction stretching force constants at increasing
distancesif) along the chaif? When interaction force constants
f are negligible, eqs 2 and 3 reduce to the well-known results
of the classical textbook problefnof the diatomic linear chain
of identical atoms connected by springs of alternating strengths
(dashed line in the dispersion curves of Figure 3). However,
calculations on polyynes show that interaction force constants
are far from negligible. They follow the general rules which
hold for any sequence of CC bonds with conjugatezlectrons
(e.g., polyene®). These rules include the following. (i) The
interaction force constants between equivalent bohfisafe
always negative; (i) interactions between nonequivalent (single/
triple) bonds {1,) are positive; and (iii) the absolute values of
the constantd " slowly decrease with increasing due to
conjugation, long-range interactions take place.

These rules can be verified by inspecting tRematrix
reported in the Supporting Information. As a consequence, the
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Figure 3. LO and LA phonon dispersion curves (full lines) calculated

by using the scaled force field of the molecule wil+ 7 triple bonds
(PBE1PBE/cc-pVTZ). Vibrational frequencies for this oligomer are
reported (black dots) as indicated in the Supporting Information (see
eqg 3 and related discussion). For comparison, the phonon curves
obtained by removing all long interaction§"(terms in eqs 2 and 3)

are reported as dashed lines. These curves are identical to the analytical
functions obtained by solving the classical textbook problem for a one-
dimensional diatomic chaitt.
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sum in eq 2 contains a large number of nonvanishing terms
which sum up to a relatively large negative value, therefore
providing a contribution which lowers the force constént

and hence softens the vibrational frequency. According to eq
2, the frequency lowers either for the increase of the absolute
values of the parametef$ or for the increase of the extent of
the effective interaction (number of terms in the sum). This
softening of the LO phonon at = 0 is illustrated in Figure 3,
where the dispersion branches (full lines) have been obtained
by introducing long-range interaction force constants transferred
from the oligoyne withN = 7 into the F matrix of the 1D
crystal38

Kinetic factors (the effective mass of tlge= r/c phonon is
doubled with respect to that of thg= 0 phonon; see eqgs 2
and 3) imply that the LO frequency at the zone edge has a lower
frequency with respect to that gt= 0 (dashed lines in Figure
3). On the contrary, when long-range dynamic interactions are
taken into account we obtain an anomalously low frequency at
theT point, while the frequency a = z/c is weakly effected,
as it can be rationalized with the help of eq 3. Since the negative
interaction force constants between triple bond stretching enter
the sum definindg=, with alternate signs, a partial cancellation
of the contributions of long-range interactions occurs.

The force constants used in the calculation of the dispersion
relations of Figure 3 were transferred from the scaled force field
of the polyyne withN = 7; however, the samgqualitative
behavior would have been found using numerical parameters
derived from any other polyyne at any level of theory.
Nevertheless, thguantitatie results would have been different
according to the different extent of conjugation (different range
of interaction and different decay law of stretching interactions).
In particular, force fields transferred from longer oligomers give
a more-pronounced softening of tlgg = 0 optical mode,
consistent with ref 23.
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Figure 4. Values of F, and F, calculated with eqs 2 and 3,
respectively, versus the inverse of the number of triple bonds of
oligoynes. The data reported here have been obtained with hybrid DFT
functionals (B3LYP, PBE1PBE) and pure DFT functionals [SVWN
(LDA) and PBEPBE (GGA)]. Values from RHF calculations are plotted
for a comparison. The basis sets adopted (cc-pVTZ and 6-311G**)
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As shown in Figure 4, the above observations can be
summarized by examining the valuesFf andF, computed

according to egs 2 and 3, making use of the force constants

obtained from different first-principles calculations on hydrogen-
capped oligoynes of increasing length. Notice that in egs 2 and
3, the diagonal force constanks and k, of the central unit
(single and triple bond) of each chain and the off-diagonal force
constants relative to this unit have been used. In this way, we
take into account the confinement effects due to the finite length
of the molecule. As expected, the increase /oklectron
delocalization with chain length results in an evident decrease
of the value ofF, and in a softening of the correspondiag=

0 phonon. The close correlation between this phonon and the
mode of the finite-size chains rationalizes the observed fre-
quency dispersion with increasing size.

Tommasini et al.
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The data reported in Figure 4 show a strong dependency of
the trend off, with the kind of theoretical approach adopted,

a fact that is, in turn, related to the different frequency
dispersions obtained in the simulation of the Raman spectra of
oligoynes (Figure 1). This point is discussed in detail in the
Supporting Information. In Figure 4, the plots fBy are also
reported. As expected, on the basis of the previous discussion
of eq 3, the increase of chain length has a very small influence
on the value ofF,. The minor changes that are observed are
mainly due to a modest modulation of diagonal force constants
with increasing chain lengths.

The suggested relationship between phonons of the 1D crystal
and normal modes of oligomers can be formalized quantitatively
with the help of simple mathematical modélsThe details of
how this can be done are given in the Supporting Information;
the results are illustrated in Figure 3.

[ll. Scaling DFT Calculations

Several scaling factors have been applied to first-principles
vibrational frequencies in order to obtain a better agreement
with the experimental daf.In our case, a mere multiplicative
scaling of the frequencies cannot account for the true dispersion
of thea line with molecular size. Therefore, one has necessarily
to consider more sophisticated scaling schemes, acting directly
on the vibrational force field? A scaling procedure (named Lin/
Exp by the authors and applied to B3LYP/6-31G* predictions)
has been recently proposed for polyyA&agccording to which
an explicit scaling of long-range interactions between different
CC bonds has been suitably included into Pulay’s SQM
schemé? The performance of this procedure can be seen in
Figure 5, where the scaled results from B3LYP/6-31G* are
compared to recent experimental data obtained from Raman
spectroscopy*33 As one can immediately see, the agreement
with the experimental data for the line is satisfactory,
demonstrating the physical soundness of this approach in
describing the correct dispersion of the strongest Raman line.
However, the Lin/Exp scaling does not perform equally well
in reproducing the minor features of the specpdiiie).

With the purpose of reproducing the relative positions and
intensities of both thet andg lines, we apply a linear scaling
of the results from PBE1PBE/cc-pVTZ calculatiofisntroduc-
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dashed line represents the spectrum obtained by using slightly differentthe relative Raman intensities of and 3 lines of hydrogen-capped

scaling factors x; = 0.9019 andx, = 0.861). Solid vertical sticks
represent the position and the relative Raman intensities afd
lines of hydrogen-capped oligoyn&Dashed vertical sticks represent
the position of thex line (the only one experimentally observed) of
adamantyl-capped oligoynes with= 8 and 10 triple bond¥'

ing two parameters, namely; = 0.904 for diagonal and, =
0.900 for off-diagonal matrix elements
Fi = [0 + %(1 — 0y)]F; (4)

whereFj; are the matrix elements of the scaled force field. For
the sake of simplicity, we use the sameandx, scale factors

also for the CH stretchings (interestingly, satisfactory results
can be obtained already without a separate scaling procedur
for CH stretching interactions). The Raman intensities associated
with the normal modes relative to the scaled force field have

been recomputed according to standard formulations of non-

resonant Raman intensi§.?’
The comparison of the linearly scaled PBE1PBE/cc-pVTZ

simulated Raman spectra with the experimental data is shown

in Figure 6. As one immediately sees, the agreement foothe
and g lines is good for relative Raman intensities, but the

oligoynes?* Dashed vertical sticks represent the position ofdHame
(the only one experimentally observed) of adamantyl-capped oligoynes
with N = 8 and 10 triple bond¥!

force constantsF; are related todelocalized bond-bond
polarizabilitiesITj, electror-phonon coupling)s/ar, andlocal-
izedforce constantsk(, due too bonds§®
0B\2
Ry = 6ijki0 + 2(3_'?) IT; (5)
From eq 5, it is clear that diagonal force constants depend on
localized quantitiesk and self-polarizability of the bonHl;),

Jwhile off-diagonal interactions depend only on delocalized

guantities. To account for this difference, it is fully justified to
adopt two different scaling factors for diagonai)(and off-
diagonal &) force constants.

The results of the adaptative scaling are shown in Figure 7,
where the simulated Raman spectra are plotted. The agreement
obtained with experimental data is now excellent, regarding the
frequency and dispersion of tieeline and the relative intensity
and position of thef line. In Figure 7, we also report

calculated frequencies do not reproduce the correct experimentafa)(perimental Ramau lines (dashed vertical lines) of long

dispersion of the main line. The relative position of the two

lines is therefore the result of a delicate balance between

adamantyl-capped polyynes, recently synthesized in the group
of Professor R. R. Tykwinsk* Because of the different nature

diagonal and off-diagonal force constants, as already suggested the end groups, these data have not been included into the

by the discussion reported in section II.B. Furthermore, the

relatively poorer fit of the longest hydrogen-capped polyyne,
C16 (see Figure 6), can be significantly improved by reopti-
mizing the scaling parametexgsandx; for this molecule alone
(obtainingx; = 0.9019 andk; = 0.861). In this way, thet and

S bands shift toward the experimental data, and the relativ
intensity ratio significantly improves.

fitting procedure. The excellent agreement of the adaptative
scaling in predicting also theu frequency of the longest
adamantyl-capped polyyn&l (= 10) shows the soundness of
our present approach.

In the Supporting Information, the eigenvectors of ¢hand

e B lines obtained from the adaptative linear scaling procedure

are also reported. It is important to notice that the shape of the

The need for specific scaling parameters in the case of C16 eigenvectors does not significantly change with respect to those

and the request for a better agreement with the experimental

dispersion of thex line suggests a further improvement of the
linear scaling. Recalling that the dispersive behavior ofdhe
line is essentially ruled by the off-diagonal interactions, we
introduce a suitable correction for thgscaling parameter. Such

jreported in Figure 2; this guarantees that all of the physical

concepts discussed in section Il still hold after scaling.

IV. Conclusions
The role of long-range vibrational interactions in linear carbon

a correction must lower the interaction range for longer chains chains has been discussed, aiming at the simulation of Raman

(N > 6). In other words, the;, coefficient has to be adapted to
the different polyyne lengths (“adaptative linear scaling”) and

spectra. The dependence of the frequency of the relevant Raman
modes on the effective range of interaction has been rationalized

becomes a suitable function of the interaction range, estimatedin terms of the results obtained for an infinite ch&in.

from the force field itself. The details of this procedure are given
in Appendix A. The physical meaning of this scaling scheme

The strong dependence of the Raman-active frequencies upon
the DFT functional and, in particular, the effect of the inclusion

can justified by recalling that, in polyconjugated systems, the of exact exchange has been discussed. On this basis, the need
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for a suitable scaling procedure for the development of force simulated Raman spectra. Nuclear displacements associated with

fields adequate for quantitative predictions of the observed the oo andj lines obtained from the adaptative linear scaling

Raman features has been demonstrated, and a new efficienscheme of PBE1PBE/cc-pVTZ calculations. Discussion of the

“adaptive linear scaling” has been proposed. relation between phonons of a diatomic linear chain and normal
The results presented should be considered to accuratelymodes of finite chains. This material is available free of charge

simulate the Raman spectra of a sample of polyynes, which, via the Internet at http://pubs.acs.org.

very recently, have become available thanks to chemical
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equilibrium structures with small deviationd® of the CCC valence angle
from 180 (the maximum value od® we have found is %. Nevertheless,

a comparison between calculated CC stretching frequencies obtained for
bent chains and those for the linear ones does not show meaningful
differences. The largest frequency shifts are 1-&nThis is merely the
consequence of a negligible dynamical coupling between bending and
stretching vibrations. Moreover, the choice of a linear geometry for
oligomers makes it possible to assume the same symmetry for short chains
and for the infinite 1D crystal, thus making the comparison easier.

(37) The symbof! refers to the interactions between equivalent bonds
(single or triple) belonging to different cellsﬁ’; refers to the interaction
between nonequivalent bonds at distanc&he symbols appearing in eq
2 can be collected in a usual matrix representation of the force constant
matrix F of the infinite chain (see Supporting Information).
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pVTZ is motivated by the fact that it seems to be the method which

(36) Actually, DFT simulations carried out on several hydrogen-capped can better reproduce the relative intensities of thend  lines (see

polyynes (three to five triple bonds) in a slightly bent geometry show

Figure 1).



