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ABSTRACT: Molecules capable of mediating charge transport over several nanometers with minimal decay in conductance have funda-
mental and technological implications. Polymethine cyanine dyes are fascinating molecular wires, because up to a critical length they have no 
bond-length-alternation (BLA) and their electronic structure resembles a 1D free-electron gas. Beyond this threshold, they undergo a sym-
metry-breaking Peierls transition, which increases the HOMO-LUMO gap. We have investigated cationic cyanines with central polymethine 
chains of 5–13 carbon atoms (Cy3 +–Cy11 +). The absorption spectra and crystal structures show that symmetry breaking is sensitive to the 
polarity of the medium and the size of the counter ion. X-ray crystallography reveals that Cy9·PF 6 and Cy11·B(C 6F 5) 4 are Peierls-
distorted, with high BLA at one end of the π-system, away from the partially delocalized positive charge. This pattern of BLA distribution 
resembles that of solitons in polyacetylene. The single-molecule conductance is essentially independent of molecular length for the polyme-
thine salts of Cy3 +–Cy11 + with the large B(C6F5)4

– counter ion, but with the PF6
– counter ion, the conductance decreases for the longer 

molecules, Cy7 +–Cy11 +, because this smaller anion polarizes the π-system, inducing a symmetry-breaking transition. At higher bias (0.9 V) 
the conductance of the shorter chains, Cy3 +–Cy7 +, increases with length (negative attenuation factor, β = –1.6 nm–1), but the conductance 
still drops in Cy9 + and Cy10 +, most notably with the small polarizing PF6

– counter anion. 

INTRODUCTION		
Cyanine (or polymethine) dyes generally exist as the resonance 
hybrid of two mesomeric structures, such as A and B in Figure 1. 
This means that the molecule has a delocalized positive charge and 
negligible bond-length alternation (BLA) along the polymethine 
chain, as represented by C. This contrasts with the situation in a 
polyene D, in which the bond lengths alternate along the π-system. 
The electronic structure of cyanines has attracted attention since 
the early days of molecular orbital theory because they are well 
described by the simple model of a one-dimensional free electron 
gas,1 in which the energy of the π-π* absorption band (Eg, the 
HOMO-LUMO gap) is given by equation (1), 
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! !!!
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 (1) 
where N is the number of π-electrons (which scales with the length 
of the molecule; in Figure 1, N = 2n + 10 ), m is the mass of the 
electron, h is Planck’s constant and l is the length of the carbon-
carbon bonds. Despite the crudeness of this model and the lack of 

any adjustable parameters, equation (1) matches the experimental 
data surprisingly well. It predicts that an infinitely long cyanine will 
have no HOMO-LUMO gap, (Eg)∞ = 0, and be metallic, which is 
obviously an oversimplification because as the chain length ap-
proaches infinity, the end-groups must become irrelevant and the 
HOMO-LUMO gap must approach that of an infinite polyene (D, 
n = ∞, polyacetylene). The solution to this paradox is that Eg drops 
steeply with increasing length for short cyanines, but at a critical 
length (the ‘cyanine limit’), the molecules undergo symmetry 
breaking.2-8 In other words, there is a Peierls transition, the mole-
cule exhibits BLA (i.e. alternating long single bonds and short dou-
ble bonds) and structure C no longer represents the ground state. 
Thus A and B become degenerate bond-shift tautomers rather than 
resonance structures. In cationic cyanines, this symmetry-breaking 
transition is sensitive to the nature of the counter ion,3,4 the polarity 
of the medium5,6 and the structures of the end groups,7,8 and it is 
associated with dramatic changes in the absorption spectra,2-11 mo-
lecular polarizability and nonlinear optical properties.9-11 
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Figure  1 .  Shorter cyanine dyes can be represented by a pair of reso-
nance structures (A and B); the charge is fully delocalized and there is 
no bond-length alternation (BLA) as represented by C. Beyond the 
cyanine limit, structure C no longer describes the ground state and the 
structure starts to resemble that of a polyene D, however low BLA 
persists near the positive charge, E . 

The free-electron gas model implies that cyanines behave like 1D 
metallic wires and the symmetry breaking in long cyanines resem-
bles a metal-insulator transition, which makes it interesting to study 
charge transport through these molecules. In general, the conduct-
ance G of a molecular chain decays exponentially with length L, 
according to equation (2)12-17 

𝐺 ∝ 𝑒–!" (2) 
where β is the attenuation factor. This parameter is sensitive to the 
height of the tunneling barrier φ between the Fermi level of the 
electrodes and the HOMO, or LUMO, of the molecule. For a sim-
ple rectangular barrier at low bias, β is related to φ by equation 
(3),15-19 

𝛽 =  !!
!

2𝑚𝜙 (3) 
where m is the mass of the electron and h is Planck’s constant. In 
short cyanine dyes, the HOMO-LUMO gap changes dramatically 
with length, so that φ cannot be treated as constant and equation 
(3) is not applicable. On the other hand, Hoffmann and coworkers 
showed that the attenuation factor for a polyene chain, per molecu-
lar repeat unit, is given by equation (4),15 

𝛽 =  −2 ln !!
!!

 (4) 
where tS and tD are the resonance integrals of the single and double 
bonds, respectively, assuming that the Fermi energy of the elec-
trodes is in the middle of the HOMO-LUMO gap. In a cyanine of 
structure C, all the carbon-carbon bonds along the chain have the 
same bond order (tS = tD), implying that β ≈ 0 and that the con-
ductance is independent of length (up to the cyanine limit). The 
validity of equation (4) for describing a polymethine chain with no 
BLA is justified by Hückel molecular orbital theory, as discussed in 
the Supporting Information (Section 4.7). 

Here we discuss the crystal structures, absorption spectra and 
single-molecule conductance of the family of cyanines Cy3 + – 
Cy11 + with a range of counter anions (Figure 2a). Previously, no 

X-ray crystal structures have been reported of cationic polymethine 
dyes longer than Cy7 +, although Bouit et al. determined the struc-
ture of a long anionic polymethine dye.20 The structures that we 
report for Cy9·PF 6 and Cy11·B(C 6F 5) 4 provide detailed in-
sights into the anatomy of the symmetry-breaking transition. Both 
these crystal structures and the calculated geometries from density 
functional theory (DFT) reveal that, when the positive charge 
starts to localize, BLA emerges at one end of the chain, away from 
the location of the charge (E, Figure 1). We synthesized these 
polymethine dyes with terminal SMe groups for attachment to gold 
electrodes. Previously, Marder, Evers, Venkataraman and cowork-
ers reported the synthesis of Cy3 +, Cy5 + and Cy7 + as BF4

– salts,21 
and showed that these molecules have almost the same conduct-
ance values. Here, we explore how the charge-transport behavior 
evolves in longer cyanines, at the onset of the Peierls transition. We 
demonstrate for the first time that symmetry breaking, induced by 
small counter ions, causes a drop in the single-molecule conduct-
ance. Our results provide direct experimental verification of equa-
tion (4), by modifying tS and tD within a single family of molecules. 

 
Figure  2 .  (a) Structures of the cyanine dyes investigated in this study. 
The compounds were tested with a range of counter ions: X = PF6, 
B(C6F5)4, Br and I. (b) The synthetic route used to prepare Cy11·PF 6 
and Cy11·B(C 6F 5) 4. The letters a–g and g'–a' denote the bond 
lengths along the π-system. 

RESULTS	AND	DISCUSSION	
Synthesis .  The Cy3·PF 6, Cy5·PF 6 and Cy7·PF 6 salts were 

prepared using standard precedures.21-23 Cyanines similar to Cy9 + 
and Cy11 +, but without SMe substituents, have been mentioned 
occasionally in the literature.24 To the best of our knowledge, their 
synthesis has not been reported, although there are a few reports of 
the synthesis of other cyanines in this length regime.2,25 The synthe-
sis of Cy11·PF 6  was achieved from aldehyde 1  as shown in Figure 
2b, by Vilsmeier formylation, reaction with aniline, and condensa-
tion with Fischer base 2 ,26,27 although the reaction gives a complex 
mixture of products and Cy11·PF 6 could only be isolated in 4% 
yield. A similar route gave Cy9·PF 6 in 42% yield. The hexafluoro-
phosphates were converted to B(C6F5)4

– salts by treatment with 
LiB(C6F5)4 or KB(C6F5)4 in dichloromethane, by precipitation of 
LiPF6 or KPF6. In contrast to previously reported long cationic 
polymethine dyes,2,6 all these compounds are stable under normal 
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laboratory conditions and can be stored for several months under 
air in the dark at 20 °C without decomposition. 

Crystal lography.  Crystal structures provide a clear view of the 
onset of BLA. During this study, we used single-crystal X-ray dif-
fraction to determine the structures of eleven polymethine dyes 
(see Supporting Information).28 To the best of our knowledge, 
there have been no previous reports of crystal structures of cyanines 
as long as Cy9 + or Cy11 +, but several structures have been report-
ed for cyanines similar to Cy7 +.3,29–36 Before discussing these struc-
tures, we must specify how BLA is quantified. In general, BLA is 
defined as the difference in length between consecutive bonds 
along a π-conjugated chain. In a cyanine, it is more informative to 
compare the lengths of bonds that would be equivalent by sym-
metry in the delocalized structure.4,37 Thus we define BLAa = a – a'; 
BLAb = b – b'; etc. (where a, b, etc denote the lengths of the bonds 
along the π-system; Figure 2b) and calculate the average (BLA) 
and standard deviation of these values for the whole π-system. The-
se parameters are listed in the Supporting Information for all the 
crystal structures determined during this study and for published 
cyanine structures with chains of nine carbon atoms between the 
nitrogens. For a perfectly symmetrical cyanine, this definition 
would give BLAx = BLA = 0 (where x denotes any symmetry-
related pair of bonds along the chain). 

The structures of Cy7·B(C 6F 5) 4, Cy7·Br, Cy9·B(C 6F 5) 4, 
Cy9·PF 6 and Cy11·B(C 6F 5) 4 (Figure 3) illustrate the effect of 
the counter ion and the length of the polymethine chain on the 
onset of BLA. The small polarizing bromide anion induces BLA in 
Cy7·Br (BLA = 2.3 ± 0.5 pm), whereas there is no significant BLA 
for this polymethine with the large B(C6F5)4

– anion (BLA = 0.2 ± 
0.3 pm). This is consistent with previously reported crystal struc-

tures of other cyanine halide salts.3,29 The effect of the size of the 
anion is seen again from the presence of BLA in Cy9·PF 6 (BLA = 
2.5 ± 0.9 pm), but not in Cy9·B(C 6F 5) 4 (BLA = 0.1 ± 0.5 pm). 
Comparing the three B(C6F5)4

–
 salts, shows that with this large 

anion, BLA only arises in the longest polymethine, 
Cy11·B(C 6F 5) 4 (BLA = 1.8 ± 0.7 pm). The level of BLA ob-
served in these low-symmetry polymethine chains (~2 pm) is less 
than that in a typical polyene (~9 pm),38 and it is comparable with 
the BLA in long cumulenes (~2–5 pm).39 

In Figure 3, the polymethine chains are oriented with the short-
est C=N bond on the right. If there is significant BLA, as in 
Cy7·Br, Cy9·PF 6 and Cy11·B(C 6F 5) 4, this right-hand nitrogen 
atom is expected to have the greater positive charge, which is con-
sistent with the observation that in all three cases it is closer to a 
counter ion. The shortest nitrogen-anion distances for the two 
nitrogen atoms of the molecule are N···Br: 5.31 vs. 5.74 Å for 
Cy7·Br; N···P: 5.30 vs. 5.62 Å for Cy9·PF 6; N···B: 6.96 vs. 8.47 
Å for Cy11·B(C 6F 5) 4. The bond-length histograms in Figure 3 
show that when BLA arises, it is not uniformly distributed over the 
whole π-system, but instead it is remarkably concentrated at one 
end, far away from the positive charge (left in Figure 3). The lack of 
BLA at the other end of the polymethine chain (right in Figure 3) 
implies that the positive charge remains partially delocalized over 
this region of the π-system (E, Figure 1). This effect is seen most 
clearly in the crystal structure of Cy11·B(C 6F 5) 4, in which bonds 
b–g show high BLA whereas bonds e'-b' show almost no BLA (near 
the positive charge). It is surprising that the on-set of the Peierls 
transition does not cause BLA over the whole chain; instead it leads 
to a contraction of the region of delocalized positive charge. This 
insight is reinforced by the computational results discussed below. 
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Figure  3 .  Structures of Cy7·B(C 6F 5) 4, Cy7·Br, Cy9·B(C 6F 5) 4,  Cy9·PF 6 and Cy11·B(C 6F 5) 4 with selected bond lengths indicated in Å, 
from single-crystal X-ray analysis, with anions omitted for clarity. Thermal ellipsoids are plotted at the 50% probability level for the Cy7 structures 
and 40% for the other three structures. The bar charts show the same information as the listed bond lengths; the x-axis is the position of the bond 
along the π-system; blue bars indicate terminal C-N bonds. 
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Absorption Spectra .  Symmetrical cyanines, with no BLA, 
exhibit sharp intense absorption bands that march to longer wave-
lengths with increasing molecular length by ~100 nm per additional 
vinylic unit.1-11 The presence of symmetry-breaking distortions is 
revealed by a shift in the absorption spectrum to shorter wave-
lengths and a broadening of the main absorption band.2–11 The UV-
vis-NIR spectra of Cy3 +–Cy11 + as B(C6F5)4

– salts in dichloro-
methane solution (Figure 4a) indicate that they all have symmetric 
structures with no BLA, but on changing to a more polar solvent, 
the longest homologue, Cy11·B(C 6F 5) 4, shows clear evidence of 
symmetry breaking (as shown for acetonitrile in Figure 4b). This 
compound gives similar broad spectra in other polar solvents such 
as acetone, methanol and DMSO (Figure S13). Changing the ani-
on to PF6

–, which is substantially smaller than B(C6F5)4
–, results in 

symmetry breaking in nonpolar solvents, such as toluene, 1,4-
dioxane and carbon disulfide, as well as in polar solvents, such as  

 
Figure  4 .  UV-vis-NIR spectra of (a) the whole set of cyanines as 
B(C6F5)4 salts in dichloromethane, (b) Cy11·B(C 6F 5) 4 in various 
solvents and (c) Cy11·PF 6 in the same set of solvents.  

acetonitrile, methanol and DMSO, but not in solvents of interme-
diate polarity, such as dichloromethane, chloroform or THF (Fig-
ures 4c and S14). The symmetry breaking in nonpolar solvents is 
attributed to the formation of tight ion pairs and a similar effect was 
reported for a Cy7 bromide salt.3,4 All the spectral changes associat-
ed with polar solvents are immediately reversed when the solvent is 
changed to dichloromethane, confirming that the broad spectra are 
not due to decomposition. The UV-vis-NIR spectra of Cy9 + show 
similar solvatochromism to Cy11 +, but the spectral changes are 
less dramatic. The other cyanines Cy3 +–Cy7 + show no sign of 
symmetry breaking in solution as PF6

– or B(C6F5)4
– salts. 

S ingle-m olecule  conductance.  The scanning tunneling mi-
croscope break-junction (STM-BJ) technique was used to measure 
the single-molecule conductance of each polymethine dye, Cy3 +–
Cy11 +, as both the PF6

– and B(C6F5)4
– salts, using previously pub-

lished methodology,40 under ambient conditions in the absence of 
solvent (details are given in the Supporting Information, Section 
5). Our analysis revealed two groups of conductance vs. distance 
traces (G-z), with high and low conductance, which were separated 
using a data-clustering procedure. We focus on the low conduct-
ance group henceforth, which our analysis shows corresponds to 
the end-to-end transport pathway (for further details see Support-
ing Information, Section 5.3). The key results are shown in Figures 
5–7.  

The 2D conductance histograms for Cy3 +–Cy11 + as B(C6F5)4
– 

salts (Figure 5a) and as PF6
– salts (Figure 5b) show a progressive 

increase in the maximum plateau length with molecular length, 
consistent with binding to the SMe groups (see Supporting Infor-
mation, Figure S27 for the plateau length histograms). Changing 
the counter anion, PF6

– vs. B(C6F5)4
–, results in subtle but revealing 

differences in the conductance histograms. The 1D conductance 
histograms for the B(C6F5)4

– family (Figure 5c) show that each 
compound gives a well-defined peak slightly below log(G/G0) = –
4. The precise peak positions are plotted as a function of molecular 
length in Figure 6a (low-bias points, black squares; see also Sup-
porting Information, Table 12). There is a small increase in con-
ductance between Cy3 +–Cy9 +, whereas Cy11 + sits at roughly the 
same value as Cy3 +. The trend in Cy3 +–Cy7 + is consistent with 
the results of Gunasekaran et al.21,41 Overall, these results show that 
there is little variation in conductance even up to Cy11 +, which is 
consistent with the prediction of equation (4) when ts ≈ td. This 
implies that no significant symmetry breaking occurs with 
B(C6F5)4

– counter anions in the molecular junctions. Turning to 
the family with PF6

– counter anions, we find similar, but consistent-
ly slightly higher, conductance values for Cy3 +–Cy7 +, compared 
to the B(C6F5)4

– analogues (Figures 5d and 6b, and Supporting 
Information, Table 13), with again a slight increase in conductance 
with length. Conversely, for Cy7 +–Cy11 +, a marked decrease in 
conductance is observed. The conductance of Cy11·PF 6 is below 
those of the Cy3 +–Cy7 + PF6

– salts (and all the B(C6F5)4 salts) by 
Δlog(G/G0) = 0.4–0.5. The difference in the conductance of 
Cy11 + with PF6

– vs. B(C6F5)4
– counter anions parallels the differ-

ence in absorption spectra (in toluene), and the BLA observed in 
the crystal structures, indicating that it is a consequence of sym-
metry breaking when PF6

– is the counter anion, which places the 
system on the cusp of a Peierls distortion. Cy11·PF 6 evidently 
forms a tight ion pair in the junction, which polarizes the π-system, 
breaking the symmetry, localizing the positive charge and reducing  
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Figure  5 .  STM-BJ results on cations Cy3 +–Cy11 + measured with a bias of 0.2 V. (a) 2D conductance histograms for the lowest group of plateau-
containing traces for compounds with B(C6F5)4

– and (b) with PF6
–; (c) and (d) are the 1D conductance histograms for the data shown in (a) and 

(b), respectively.  

 
Figure  6 .  Conductance as function of length for (a) Cy3 +–Cy11 + 
[B(C6F5)4]– and (b) Cy5 +–Cy11 + PF6

–. Black squares are the con-
ductance at 0.2 V obtained from Gaussian fits to the 1D histograms in 
Figure 5. The red circles are the conductance at 0.9 V (derived from 
data in Figure 7).42 

the conductance. We do not know the location of the PF6
– anion, 

relative to the polymethine chain in this ion pair, but the small PF6
– 

anion will polarize the π-system regardless of its position, unless it 
happens to be exactly equidistant between the ends of the chain. 

We tested the thermoelectric response of Cy5·B(C 6F 5) 4 as a 
representative compound to probe the nature of the charge carriers. 
We found that its Seebeck coefficient is +13.5 (± 1.4) μV/K (see 
Supporting Information, Section 5.6). The positive sign tells us that 
the dominant charge carriers are holes (i.e. the molecules conduct 
mainly via occupied states). The relatively low value indicates that 
the Fermi levels of the gold contacts are close to the center of the 
HOMO-LUMO gap, which confirms the validity of equation (4) in 
describing the length-dependence of the conductance in cyanine 
molecular wires. 

 
Figure  7 .  (a) Mean log-normalized conductance versus bias voltage 
curves for Cy3 +–Cy11 + [B(C6F5)4]– salts and (b) Cy5 +–Cy11 + PF6

– 
salts.43  

It is interesting to study the conductance vs. voltage (G-V) re-
sponse for each compound (at ±1.0 V), because previous work on 
π-systems with small HOMO-LUMO gaps shows that the attenua-
tion factor (β) may change as a function of bias voltage.40 We focus 
on normalized G-V curves, in which each curve is scaled according 
to its low-bias conductance.42 The mean log(G/Glow-bias) curves43 for 
each compound, as B(C6F5)4

– and PF6
– salts, are shown in Figure 7a 

and b, respectively (for the mean log(G/G0) curves see Figure 
S44). Junctions of Cy3·PF 6 are not included because they were 
unstable under high bias and generally ruptured after the first volt-
age ramp.44 In general, most junctions become less stable above 1.0 
V, regardless of the compound. We ascribe this behavior to the 
relatively weak SMe anchor groups, as noted previously.45 To ob-
tain the mean high-bias conductances (indicated by red circle 
points in Figure 6a,b) we added the Δlog(G/Glow-bias) between 0.2 V 
and 0.9 V to the low bias conductance values (black points). The 
conductance increases with bias for every compound. For the PF6

– 
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salts, the decrease in conductance with length for Cy7 +–Cy11 + is 
still observed at high bias, although with a lower gradient (Figure 
6b). For the borate salts, the length dependence of the conductance 
is similar at low and high bias (Figure 6a).  

For the PF6
– salts, the change in conductance between low vs. 

high bias increases progressively as the molecules become longer 
(Figure 7b). Some of the average G-V traces display a small degree 
of asymmetry, and this can be attributed to the typical differential 
coupling of the molecule to the electrodes occurring at the con-
tact.46 For the B(C6F5)4

– salts, Cy3 + and Cy5 + have the smallest 
log(G/Glow-bias), but there is little difference between Cy7 +, Cy9 +  

and Cy11 +. At first sight, one might expect the opposite behavior 
based on the UV-vis-NIR spectra in Figure 4a, where the HOMO-
LUMO gap decreases up to Cy11·B(C 6F 5) 4. Conversely, we 
expect the gap to stabilize in the case of the PF6

– series after sym-
metry breaking occurs (SI Figure S19). However, the G-V behavior 
is not simply related to the size of the HOMO-LUMO gap; it de-
pends on how the molecular levels align in the junction. As we are 
on the cusp of the Peierls transition in Cy9 + and Cy11 +, the rela-
tion between BLA and the shape of the G-V curves is not straight-
forward. Changes in the voltage profile across a junction due to, for 
example, the presence of counter ions could significantly affect this 
alignment.  

It is interesting to compare cyanines with other classes of molec-
ular wire that have single-molecule conductance values almost 
independent of length, such as edge-fused porphyrin tapes40 and 
cumulenes.47 The pattern of BLA in porphyrin tapes has not yet 
been investigated. In the case of cumulenes, the almost length-
independent conductance has been attributed to low BLA, even 
though the BLAs are ~2–5 pm,39 which is similar to that in low-
symmetry polymethine dyes, as illustrated by the crystal structures 
of Cy7·Br, Cy9·PF 6 and Cy11·B(C 6F 5) 4. Long cumulenes are 
also expected to undergo a Peierls distortion,48,49 resulting in a 
polyyne-like structure (BLA ≈ 14 pm)48-50 and a drop in conduct-
ance, but this transition has not yet been investigated experimental-
ly and it would be difficult to study because of the high chemical 
reactivity of long cumulenes.39 In the shorter cyanines, Cy3 +–
Cy7 +, the conductance increases with molecular length, and this 
trend is accentuated at high bias voltage. The attenuation factor β 
for Cy3 +–Cy7 + PF6

– salts at a bias of 0.9 V is –1.6 (± 0.4) nm–1, 
which is similar to that reported for edge-fused porphyrin tapes at 
0.7 V,40 and greater than that reported for cumulenes with four–
eight cumulenic carbons, measured at 0.1 V in solvent (–1.1 nm–

1).47b Care should be taken, however, in comparing β values be-
tween different measurements, particularly as our results on cu-
mulenes with up to six cumulenic carbons (performed without 
solvent) did not produce a clear conductance trend, suggesting that 
the value is solvent-dependent.47 

Com putat ional  M odel ing.  We used density functional theory 
(DFT) to model the structural evolution of these polymethine 
dyes. Gierschner and coworkers found that the BHandHLYP func-
tional, which includes 50% Hartree-Fock exchange, reliably repro-
duces the ground state geometries of cyanines,4 so we used this 
functional (implemented in Gaussian 16/A.03). We calculated the 
ground state geometries of Cy3 +–Cy21 + as isolated cations, using 
a range of continuum solvent models, and we extended these calcu-
lations up to Cy35 + (37 atom carbon chain) in vacuum. No coun-
ter anion was included to simplify these calculations, which means 
that we effectively model the behavior of an ion pair with a very 
large anion, or the situation in which the anion is fully dissociated, 

as probably applies in solvents as polar as dichloromethane.4 There 
have been many previous DFT studies of cyanines,4,11,37,51,52 but few 
considered structures longer than Cy11 +.37,51 Our results predict 
that symmetry breaking occurs abruptly at a critical chain length, 
and is medium dependent (Figure 8a). The onset of BLA is pre-
dicted to occur at Cy13 + in acetonitrile, Cy15 + in dichloro-
methane and Cy19 + in toluene (Figure 8a), whereas in vacuum it 
is delayed until Cy33 + (Figure S15). These calculations confirm 
the qualitative observation that symmetry breaking is promoted by 
a polar environment, as observed experimentally in the absorption 
spectra discussed above. The predicted transition lengths do not 
match with experiment, which is not surprising, as our calculations 
do not include counter ions and the transition length is also ex-
pected to be sensitive to the choice of DFT functional.37,51,53,54 The 
calculated electrostatic potential surfaces (Figure 8b) confirm that 
BLA is accompanied by charge localization; the blue color indicates 
the positive charge which is symmetrically delocalized in Cy11 +, 
but becomes localized towards one end of the π-system in Cy13 +. 
The pattern of bond lengths along the π-system, after symmetry 
breaking (shown for Cy13 +/MeCN in Figure 8c), shows the same 
effect as the crystal structures, with high BLA away from the loca-
tion of the positive charge, confirming that partial charge delocali-
zation persists at one end of the polymethine chain, even after 
symmetry-breaking (E, Figure 1). 

It is interesting to consider how quickly the two bond-shift iso-
mers of a symmetry-broken polymethine dye interconvert (i.e. how 
rapidly does A change to B, Figure 1). We calculated the energies 
of the transition states for bond-shift tautomerism of Cy13 +–
Cy21 + in acetonitrile and dichloromethane (Supporting Infor-
mation, Figure S20 and Table S11). The activation energies are all 
< 10 kJ mol–1, implying that the movement of positive charge be-
tween the ends of the molecule probably occurs within a ns time-
scale at room temperature. Time-dependent DFT calculations were 
used to simulate the absorption spectra of Cy3 +–Cy21 + in di-
chloromethane, confirming that the S0–S1 gap decreases rapidly 
until the symmetry breaks at Cy15 +; beyond this transition, the 
S0–S1 gap increases gradually with increasing molecular length 
(Supporting Information, Section 4.4). 



 8 

 
Figure  8 .  (a) Plot of calculated BLA in MeCN, CH2Cl2 and PhMe, 
together with the calculated log(G/G0) in MeCN for Cy3 +–Cy21 +. 
(b) Electrostatic potential surface for Cy11 + and Cy13 + in MeCN at 
an isovalue of 0.0004 a.u. reflecting charge localization. (c) Calculated 
pattern of bond lengths along the π-system of Cy13 + in MeCN. All 
results are from DFT calculations using BHandHLYP/6-311G*. 

Non-equilibrium Green’s function calculations were implement-
ed in Gollum55 to model the electrical conductance of 
gold|cyanine|gold junctions, using molecular geometries optimized 
with DFT (see Supporting Information, Section 4.6). Comparison 
with the experimental results confirms that the Fermi level is near 
the middle of the HOMO-LUMO gap. The conductance values of 
Cy3 +–Cy21 +, calculated using geometries optimized in MeCN 
(for a Fermi level at the center of the HOMO-LUMO gap) are 
plotted in Figure 8a (dashed line), showing that the conductance is 
approximately constant and independent of length up to the sym-
metry breaking transition, i.e. for Cy3 +–Cy11 +, and it then falls 
steeply with the onset of the Peierls transition for the series 
Cy11 +–Cy21 +. 

CONCLUSIONS	
X-ray crystallography, UV-vis-NIR absorption spectroscopy and 

single-molecule conductance measurements give a consistent pic-
ture of the evolution in the properties of a family of polymethine 
dyes at the onset of a symmetry-breaking transition. This is the first 

time that cationic polymethine dyes in the length regime of Cy9 +–
Cy11 + have been subjected to single-crystal X-ray analysis. The 
experimental molecular geometries provide clear insights into the 
Peierls transition, which are reinforced by calculated geometries 
from DFT. They show that, after the symmetry-breaking transition, 
BLA is concentrated at one end of the chain, furthest away from the 
positive charge (E in Figure 1). This surprising result indicates that 
Peierls-distorted polymethine chains are models for solitons in p-
doped polyacetylene, in which there is also low BLA near the loca-
tion of the positive charge.54 The geometries of these low-symmetry 
polymethine dyes indicate that they have significant carbocation 
character and that the positive charge is not simply localized on the 
terminal C=NR2 group. 

Studying the single-molecule conductances of long polymethine 
chains up to Cy9 + and Cy11 + reveals a break in the trend set by 
the shorter oligomers and uncovers a new physical process in sin-
gle-molecule junctions: a Peierls transition resulting in a drop in 
single-molecule conductance in Cy11 with the small PF6

– counter 
ion. This is a direct confirmation of the prediction by Hoffmann 
and coworkers15 for the length decay (β) parameter (equation 4) 
which is dictated by long and short bond couplings. These single-
molecule conductance results are unprecedented, and we are una-
ware of any previous transport measurements on any kind of atom-
ically precise chain evolving from a symmetric to symmetry-broken 
state.  

The conductance of these polymethine dyes increases with bias 
voltage, as is often found in π-systems with small HOMO-LUMO 
gaps. At high bias (0.9 V), there is a significant increase in conduct-
ance in the series Cy3 +–Cy7 +, corresponding to a negative attenu-
ation factor (β = –1.6 nm–1 with B(C6F5)4

– counter ions). However 
the fall in conductance in the series Cy7 +–Cy11 +, for PF6

– salts, 
persists even at high bias. 

Another significant discovery from this work is that Cy9 + and 
Cy11 + are stable under normal ambient laboratory conditions, as 
their PF6

– and B(C6F5)4
– salts. They can be stored for months under 

air, in the dark at room temperature, without detectable decompo-
sition. The anticipation that these compounds would be unstable is 
probably the main reason why they received little previous atten-
tion. It is remarkable that polymethine dyes maintain chemical 
stability as they pass through the symmetry breaking transition. 
This suggests that it will be possible to prepare even longer homo-
logues, which is an exciting proposition because long polymethine 
dyes, on the cusp of a Peierls transition, are uniquely polarizable, 
making them remarkable sensitive to subtle changes in the envi-
ronment. 
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