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The absorption limit for an “infinite” number of conjugated double bonds has been a topic of considerable
interest for over seventy years. Establishing the limit (hereafter /.. ) consists in collecting the spectral data
of homologous polyenes (in most previous investigation with <17 double bonds), fitting the absorption
values to a formula with one or more adjustable parameters, and identifying 1., by extrapolation. Here
we report establishing the unsettled value of i, by taking as basis three recently synthesized long
carotenoid families culminating in 19, 23 and 27 conjugated double bonds. Excellent fits of experimental
data have been obtained by using new formulas allowing a confident /. -extrapolation to carotenoids
with infinite length. UV-visible /.« values of long carotenoids were also calculated by using Time
Dependent Density Functional Theory (TDDFT). The theoretical results agree well with the experimental
trend. Molecular modeling confirmed that accumulating “infinite” conjugated double bonds in carote-
noids imparts to the molecule the shape of a lemniscate, the symbol for infinity. The name infinitene is
proposed for a hypothetical lemniscate carotenoid.
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1. Introduction

Although colorless on its own, the C=C bond stands for the
basic chromophoric unit in organic chemistry. The relation
between the color exhibited by the molecule and N (the number
of double bonds) has long fascinated chemists and color scientists
[1]. A pale yellow shade occurs when N = 6 [2]. The larger the value
of N, the longer the wavelength of maximum light absorption,
which will be represented by the symbol AN or /ma., when N
needs not to be specified. Successive addition of double bonds cre-
ates flamboyant carotenoid pigments. “Does the chromophoric role
of the C=C unit persist or fade away by endless addition of double
bonds?” is so far a moot question. Extended plain polyenes become
progressively unstable, with N=13 or 15 representing an upper
limit [3,4], but multitudes of double bonds accumulate in methyl
branched polyenes; hence the occurrence of carotenoids. Investiga-
tions of the response of a double bond assembly to light began to
flourish with the marketing of commercial UV-vis spectropho-
tometers in 1941 [5]. A mere decade later, N = 19 was recognized
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as the cut-off point for chain elongation [6], a boundary later rein-
forced by the failure of an attempt to assemble 23 double bonds
[7]. The drive for synthesizing molecular wires revived the efforts
to prolong polyenes, but the enthusiastically celebrated polyenes
of 1100 (or even 100000) C=C bonds displayed disappointingly
low values of Anax, Which were soon rationalized in terms of a
broad distribution of isolated conjugated segments, each segment
constituting an “island of conjugation” [8,9]. Consequently, the
number of C=C bonds downsized to less than 50, still ignoring that
the noted Anax ~ 550 nm was typical of 19 double bonds [10].
When synthetic chemists, wishing to follow the trail blazed by
the polyene pioneer Richard Kuhn [2], failed to come up with
longer and longer conjugated molecules, several theorists took
up the gauntlet and derived analytical expressions containing
some adjustable parameters whose values were fixed by optimiz-
ing the fit between experiment and the predictions of the model.
Besides two other Kuhns—namely, Hans K. [11] and Werner K.
[12]—most noteworthy are Dewar, Huzinga & Hasino and
Hirayama [13-15]. The constrained three parameter equation of
Hirayama, a long chain variant of the widespread Fieser-
Woodward and less prevalent Fieser-Kuhn [16] increment method
(note S1), has gained a certain reputation among carotenoid
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Fig. 1. Extrapolated /., from experimental /.« of zeaxanthin isomers (N=11, 15,
19, 23, 27) with the formulas of W. Kuhn (=) and H. Kuhn (=). Open circles
represent the experimental values.

chemists, because it predicted 2N} and /N> (1..) with tabulated

compound and solvent constants at a time, when regression could
not be performed in milliseconds by computer programs [17-19].
Most polyene chemists have displayed unwavering loyalty to an
empirical relation when extrapolating A,, namely a second-
degree polynomials in N~!. These and other equations [20,21] have
not only enabled A,x-determination of yet-to-be-synthesized car-
otenoids, but have also tempted many scientists into locating the
spectral limit by ever-increasing N. A few experimental data points
can always be well fitted with inappropriate formulas to lines, but
these will fan out to quite different 4., (Fig. 1, note S2, Fig. S1). A
variety of 4., were calculated for carotenoids (Table S1, Fig. S2);
/o could even represent a compound-specific infinite absorption
[18,19]. On the other hand, it has been argued that /., of various
carotenoids converges in a common value [22,23].

The large spread in /., and our success in the synthesis of
unprecedentedly long carotenoids [24] with N=23 and N=27
prompted us to return to the problem of determining the absorp-
tion limit of conjugated polyene chains with new equations, devel-
oped after a critical examination of numerous rival fitting formulas
[25,26]. The exact determination of 4., is described in the first sec-
tion of this account. Since synthetic polyene extensions rapidly
reach its limit, we support our investigations by quantum mechan-
ical calculations (Time Dependent Density Functional Theory, TD-
DFT). TD-DFT allowed molecular modeling of successively
extended carotenoids, which finally attained the structure of a
lemniscate, the symbol of infinity. These results are presented in
the second part of this account.

2. Computational details

All the electronic calculations were performed with the Gaus-
sian 09 [27] package of programs. Fully optimized structures and
harmonic frequencies were obtained at B3LYP/LANL2DZ level of

Table 1
Bond length alternation for the compounds reported in this investigation. Results are
reported in A.

c—C c=C
MO06-2X 1.45-1.47 1.35-1.37
B3LYP 1.44-1.47 1.38-1.39

theory [28-32]. The absence of imaginary frequencies identified
local minima. The adsorption spectra have been computed with
TDDFT using the optimized geometries and M06-2x/6-311G level
of theory [33-37]. Solvent effects were included by single point
calculations at the MO06-2x/6-311G level of theory using
polarizable continuum model, specifically the integral-equation-
formalism (IEF-PCM). We also optimized the structures at M06-
2X[6-311G level of theory, and used these structures to obtain
the adsorption spectra (see Table 2S). It was reported previously
[38,39] a benchmark study concerning the central bond length
alternation in eight oligomeric series of increasing size. In that
investigation, authors compare DFT results with CCSD(T) values
and they concluded that M06-2X is the most efficient functional
with errors systematically smaller than those of B3LYP. The bond
length alternation obtained in this investigation is reported in
Table 1. The results are similar in all the optimized structures,
but the values of A« are different. The best agreement with the
experimental results is obtained with the structures optimized at
B3LYP/LANL2DZ level. For this reason, in what follows we will refer
to B3LYP/LANL2DZ results.

This TD-DFT investigation is made in the so-called vertical
approximation, i.e. the transition energies toward the lowest
excited state are computed considering a frozen geometry (the
optimal ground state structure obtained from the optimization)
[40-43]. In this approximations, the vibrational degrees of freedom
and hence the coupling between nuclear and electronic degrees of
freedom (vibronic effects) are neglected. This approach allows us
to determine the nature of different excited states but does not
provide theoretical estimates that can be rigorously compared to
experimental values. The obtained accuracy of the relative position
of the maxima in the vibronic progression and the relative intensi-
ties of the peaks depends on the studied system [42]. To achieve
accuracy, it is necessary to perform TD-DFT in its adiabatic kernel
approximation. A different model might reduce the substantial dis-
crepancy between vertical TD-DFT results and their experimental
counterparts, but the overlong size of the systems precludes a
realistic alternative to the vertical values.

3. Results and discussion

Carotenols (zeaxanthins CnZea:N, longest C80Zea:27), carote-
noic acids (CnAcid:N, longest C45Acid:15) and carotenals (CnAld:
N, longest C50Ald:19) were synthesized (Fig. 2) and the UV-vis
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Fig. 2. Schematic representation of synthesized long carotenoids: Zeaxanthin C80Zea:27 (green), carotenoic acid C45Acid:15 (red), carotenal C50Ald:19 (blue).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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600 - to steric distortion (Fig. S3); therefore, to obtain Neg, the effective
550 | number of conjugated double bonds, a deconjugation factor of
0.8 has to be subtracted from the nominal number of double bonds
E 500 - N, e.g. acids with one ring Negs = N — 0.8, zeaxanthins with two rings
§° 450 - Nesr=N — 2 x 0.8 [15,18]. Negr becomes obsolete in acquiring /.;
% values of /.« for shorter carotenoids assessed with N or Ne¢; devi-
§ 400 - ate, but converge in .
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300 —

2 4 6 8 10 12 14 16 18 20 22 24 26 28
N’Neff

Fig. 3. Absorption (/max) of carotenals (Q, DCM, N), carotenoic acids (Q, MeCN/H,0O
9:1, Negr) and zeaxanthins (O, DCM, Neg). Lines are fits according to Eq. (1). Solvent
abbreviations: DCM = dichloromethane, MeCN = acetonitrile.

spectra recorded [24,43]. The displacement of the graphs in Fig. 3
portrays the impact of the auxochromes (—CHO, —COOH) on the
increase in Amax.

The double bond in the cyclohexene end rings of the acids and
zeaxanthins conjugate only to ca. 20% with the polyene chain due

Full geometry optimization was performed for previously syn-
thesized molecules. Elongation of the carotenoid polyene chain is
accompanied by an increased curvature (Fig. 4). C—C and C=C
bond lengths remain approximately constant. TDDFT-derived
Jmax-values are reported in Table 2. Identical solvents were used
in experiment and calculation.

Polyene chain elongation is followed by an augmenting
divergence of both TDDFT and experimental .« (Table 2). TDDFT
allocated a too elevated absorption increment for each double
bond confirming prior observations [24]; thus /ma.x-values appear
overestimated. Obviously, calculating A, of conjugated polyenes
by TDDFT remains a challenge.

Zeaxanthins
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Fig. 4. Optimized structures carotenoids Cn:N (n is equal to the number of C atoms, N is the number of double bonds (C=C)).
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Fig. 4 (continued)
3.2. Reliable /., — extrapolation of carotenoids _ 1 —cosgs
n=X|1-A——0- 1)
1 —ocosyig

We have recently demonstrated that the hitherto applied
extrapolation formulas for /. are all marked with a blemish.
New formulas were, therefore, developed and their quality verified.
We have chosen Eq.(1), a trigonometric three parameter formula
from the equations presented in Refs. [25,26] for /.-
extrapolation of the three carotenoid series; fitting and extrapola-
tion appear in Fig. 5 as a plot of Ay versus 1/N.

X, A and o are constants obtained by nonlinear regression. X imme-
diately indicates 1., when N — oo (Table 2), i.e. CooZea:oco 4., =615
nm, CooAld:co A, = 615 nm, CooAcid:oco 4., =623 nm. Other new or
amended two or three parameter formulas [25,26] gave similar
results (note S3).
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Fig. 4 (continued)

The graphs in Fig. 5, leveling off to 4. imply a preceding percep-
tional infinite absorption A, (the symbol o, denotes incomplete
infinity) [44]: the ophthalmic color discrimination threshold
around 610 nm is limited to Ail~2 nm [45]; the resolution of
UV-vis instruments is at best 0.1 nm. The exact i,, — agreement
of the zeaxanthins (no auxochrome) with the dialdehydes (two
auxochrome groups) could be interpreted in favor of a finite A,
for carotenoids, at least when measured in the same solvent
(DCM). The acids were recorded in MeCN/H,0 9:1.

Five carotenoic acids have been measured previously in
petroleum ether [46]. Comparison of our nine compounds

series with that of five compounds illustrates again the
variance in A,-extrapolation of fairly fitted experimental data,
N9 = el = 623 nm, N5 ~ >l =732 nm (Fig. 5c). A reliable
J-o-eXtrapolation is, therefore, only possible with a sufficient
number of long carotenoids and an optimized fitting formula.
However, the difficulty in synthesizing well-defined long carote-
noids for experimental verification of A, increases proportional
to N. The supposed constraint of our zeaxanthin synthesis, regu-
lated by the solubility of the reactants, can possibly stretch to
130Zea:47 or utmost to C150Zea:51 [24]. It is probably illusory
to await at present an experimental Ap.c-verification of very
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Table 2
Experimental and calculated (Eq. (1), TD-DFT) absorption /max and 2., of zeaxantins, carotenals (both in DCM) and of carotenoic acids (in MeCN (experimental values in MeCN/
H,0 9:1)).
Zeaxanthin DCM T3pU TD-DFT Acid MeCN T3pU TD-DFT Aldehyde DCM T3pU TD-DFT
N ;Hnax ;vmax ;Lmax N )vmax )vmax 21]12|X N Amax ;%111ax )*md)(
11 460 460 513 5 360 358 358 3 329 329 351
15 512 513 582 6 388 390 426 5 394 393 427
19 545 544 625 7 416 418 455 7 448 446 492
23 564 563 653 8 440 443 458 9 483 486 540
27 575 576 672 9 464 464 511 11 514 515 579
0 615 10 484 483 531 13 538 536 607
11 503 498 546 15 552 551 630
13 525 524 576 17 560 562 647
15 539 543 599 19 572 571 660
) 623 %) 615
650 1 3.3. Molecular modeling of carotenoids
The structures of the carotenals from C10Ald:3 to
£ 600 C50Ald:19 were optimized (Fig. 4) and then gradually elon-
= gated beyond the experimental limit. The hypothetical mole-
Eﬂ 550 cules were analyzed by DFT. The longer the chain grew, the
2 nearer the ends moved together (Fig. 6). DFT-calculation com-
3 pleted at C200Ald:79 with the available resources (Fig. 6c).
= s00 Molecular Mechanics (MM)-calculation allowed attaining
a C230Ald:91 developing an open lemniscate symbolizing infin-
450 . , . . , ity (Fig. 6d). The widened curvature of the loop ends for
0 0,02 0,04 0,06 0,08 0,1 C230Ald:91 expressed the inferior optimization by MM. The
/N extremities of acids and zeaxanthins advanced similarly. The
overall consistency of molecular modeling with X-ray diffrac-
650 7 . . . .
tion measurements of carotenoids corroborates the infinite
600 1 lemniscate architecture [47]. Elongated carotenoids convert to
£ 550 infinitenes.
£ Bond length equalization is a convenient conjugation probe.
'F;n 500 1 Conjugation in the infinity-shaped carotenals contracted the C—C
& 450 1 bond from I=1.53A to [=1.45A and expanded C=C from [=
% 200 4 1.34 A to 1=1.38 A (average values) with no increased influence
3 of conjugation on the midpoint double bond [48]. Molecule bend-
350 1 b ing may influence conjugation [49], yet linear and bent B-carotene
300 i . . . , , , show the same Amax [50].
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 Only elongated trans-carotenoids with the characteristic
1/N methyl branched polyene chain convert to infinitenes (isotac-
ticity of the methyl groups changes at the central double
750 7. bond). In contrast, syntactic (alternate up and down) methyl
700 { .. branched non-carotenoid polyenes adopt a linear structure
£ 650 - (Fig. S4).
£ . C230AIld:91 represents an infinitene (Fig. 6d) with /=
a 600 615nm and a horizontal and vertical molecule dimension of
§ 550 1=80.7A and 1=41.6A. The nearly plane structure of
% 500 C230Ald:91 prevents the chain-heads to overstep the central
2 40 part designing an open lemniscate, the Euler symbol for
infinity, Fig. 7 [51]. Carotenoid lengthening is therefore, con-
400 fined by the van der Waals distance of the atoms touching
350 the crossing point (H...O dw=2.5A) [52]. Synthetic steps

0 0,02 0,04 0,06 008 0,1
1/N

0,12 0,14 0,16 0,18 0,2

Fig. 5. Calculating /.. of carotenoids by fitting experimental data with Eq. (1); (a)
zeaxanthins —, experimental Q; (b) polyenals —, experimental O, X denotes
infinitene C230Ald:91 (Fig. 6d); (c) polyenoic acids — --, experimental Q,
experimental data QO from Ref. [41].

long carotenoids. Currently, quantum chemical calculations
provide the most accessible approach to an expansion of
/max-data. The problems and challenges in such calculations will
be addressed in a forthcoming paper.

by C5 units on both ends finalized extension to the ultimate
Euler shaped lemniscate C230AId:91 (indicated by X in
Fig. 5b). Nonetheless, if the encounter of the ends with the
polyene chain would provoke a lateral out-of-plane bending,
the edges might overcome the chain segments and the com-
pound could by further extending adopt a reiterating ribbon
like space-lemniscate with potential infinity [53], similar to
particular layouts of the periodic system (Figs. S4 and S5)
[54,55]. An organization of molecules to lemniscate structures
has not really observed before. The loops of octaphyrins and
twisted annulenes emerge too deformed to qualify for infinity
[56,57].



A. Martinez et al./ Computational and Theoretical Chemistry 1125 (2018) 133-141 139

(a) C130Ald:51, do.o= 86.7 A

2 &

(b) C170A1d:67, do.o=75.9 A

Fig. 6. Optimized structures of expanded carotenoid dialdehydes. The four molecules demonstrate the gradual rapprochement of the aldehyde oxygens (do_o) resulting finally
in a lemniscate structure. The limit of DFT modeling was reached with C200Ald:79, C230Ald:91 was obtained by Molecular Mechanics.

Fig. 7. Open lemniscate (Euler symbol for infinity) [51].

4. Conclusions

Neither common UV-vis spectrophotometers nor the human
eye can differentiate between 2., and /.. The electrical wire prop-
erties of a conventional dimensioned carotenoid have been con-
vincingly demonstrated [58,59]. However, long carotenoids
arranged in lemniscates forfeit their potential as candidates for
drawn-out molecular cables [59]. Infinitenes could be synthetically
straightened, but blocking bending incurs steric strain and, conse-
quently, instability [50].

Our results do not lead to a common extrapolated 1., for the
three carotenoid series. Nevertheless, despite the convergence
between zeaxanthins and aldehydes on the one hand, the small
variance with acids on the other hand, and regardless of dissimilar-
ities between perceptual, actual or potential infinite absorptions:
the marginal variations vanish in a wider shade of blue (Fig. 8).

Extending methane, via ethane, propane and butane etc., results
in C3goH7gp, the so far terminating hydrocarbon [60]. Whether
CtiniteHfinite OF CooHoo, Overextended pale infinitanes stimulate only
a few specialists. However, successive accumulation of conjugated
C=C units, produces polyenes exhibiting the marvelous colors of
the perceptible spectrum (Fig. 8). It is comforting to realize that
color persists, even by expanding carotenoids to infinitenes. In an
imaginary world, where carotenoids, the central natural pigments,
adopt lemniscate structures by molecule extension, the Indian
summer would adjust to infinite blue (Fig. S6) [61].
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Fig. 8. Color of carotenoid acids from C20Acid:5 (retinoic acid, Amax = 360 nm) to CocAcid:co (1, = 623 nm).
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Appendix A. Supplementary material

A short resumé of 1,,-predictions, notes that refers to different
Js—eXtrapolations of spheroidenes, extrapolation of i,, with other
recently derived formulas, different values of .. obtained with
inappropriate equations and insufficient experimental data
obtained since 1952 can be found in the Supporting Material.
Fig. S3 explains the partial conjugation of the ring double bond.
Fig. S4 illustrates that syntactic methyl branched non-carotenoid
polyenes appear with a linear chain. Reiterating ribbon like space
lemniscate are illustrated in Figs. S5 and S6 with proposals to
arrange the periodic systems. Supplementary data associated with
this article can be found, in the online version, at https://doi.org/
10.1016/j.comptc.2017.12.006.
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C40:11, habitual color view is not expected to alter in a world of long
carotenoids and ., ~ A, will be recognized as indicated in Fig. 8. Zeaxanthin
and lutein accumulate in the cones of the macula. This yellow spot in the eye
may become blue with long polyenes possibly changing acuity perception.
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