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Since the low energy absorption spectrum of a linear polyene is dominated by the strongly allowed
1 1Ag→1 1Bu transition~S0 to S2!, it can be reconstructed for any chain length if the 0–0 band
excitation energy, the band profile, and intensity are known. From this premise, this paper uses
information developed in high resolution experiments on well-defined linear polyenes to extract the
distribution of effective conjugation lengths from absorption spectra of solutions of long linear
polyenes. These distributions are found to be dominated by short conjugation lengths. ©1995
American Institute of Physics.
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I. INTRODUCTION

Linear polyenes may be specified by their chain leng
N, the number of conjugated double bonds~translational re-
peat units in the bond alternating polyene backbone! as indi-
cated in the diagram below.

Knowledge of how the nonlinear optical response of a line
polyene depends on the number of conjugated double bo
is not only of fundamental importance, it is one of the ke
issues to be considered in designing new polymeric mate
als. While this dependence is open to experimental inves
gation, systematic studies have been inhibited by the lack
methods for synthesizing long polyene chains. This synthe
problem now appears to be well in hand1 which has made
possible the recent measurements ofx3 for a series of model
polyene oligomers with up to 240 conjugated double bon
by Samuelet al.2 However, one problem remains. Eve
though chemical analysis leaves little doubt as to the num
of repeat units in these long polyene chains, the conform
tions are not known and so neither is the distribution
effective conjugation lengths. This paper presents a meth
for estimating this distribution for a given polyene from th
room temperature absorption spectrum. This method is th
applied to the absorption spectra for polyenes withN528,
39, 68, 88, 152, and 240 as measured by Samuelet al.2,3 A
model for the distribution of conjugation lengths in lon
polyene chains that accounts for the distributions derived
this paper is presented in a second paper.4

II. MODELING THE ABSORPTION SPECTRUM

Given a reference library of absorption spectra for plan
all-trans linear polyenes, the decomposition of a measur
absorption spectrum into an oligomer distribution would b
straightforward, at least, in principle. Since the absorptio
spectrum of a linear polyene is dominated by the strong
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allowed 11Ag→1 1Bu absorption~S0 to S2!, knowledge of
the dependence of this excitation energy on the number
double bonds in a planar all-trans linear polyene together
with the band profile and intensity for this transition would
allow the generation of this library. Two of the three thing
that are needed, 11Ag→1 1Bu excitation energies as a func-
tion of the number of conjugated double bonds and the a
sorption band profile for the 11Ag→1 1Bu transition, are
well known from experiment. There is less information o
the third, the intensity of the 11Ag→1 1Bu transition as a
function of the number of double bonds, but this may b
reasonably estimated using molecular orbital theory.

A. 1 1Ag˜1 1Bu transition energy

Excitation energies for the 0–0 bands of th
1 1Ag→1 1Bu transitions of unsubstituted linear polyene
with from 3 to 8 double bonds in conjugation have bee
measured for these molecules substituted in low temperat
n-alkane crystals: Reference 5 summarizes these data
gives the citations to the original reports. The fully resolve
vibrational structure of both the 11Ag→2 1Ag and
1 1Ag→1 1Bu transitions make it clear that the observe
spectra are those of a mixed molecular crystal where t
linear polyene simply replacesn-alkane molecules in a fully
orderedn-alkane crystal. Since it is known from x-ray crys-
tallography that in ann-alkane crystal the molecules pack a
planar all-transchains, this must also be the conformation o
the substituted linear polyene.

We have previously shown that the 11Bu0–0 excitation
energies are accurately reproduced by a simple mod
~Hückel theory with alternating resonance integrals—th
Hückel Spectrum Simulator or HSS model!.5 Since there is
an analytical solution for the energy levels in this model, it i
easy to calculate the 0–0 excitation energy of a planar a
trans polyene chain of any length. The fact that such a ca
culation really amounts to extrapolating experimentally me
sured energies with a quantitatively accurate and physica
reasonable model gives us confidence in the calculated v
ues. Further assurance may be derived by looking at the
havior of the model in the long chain limit.

The 1 1Ag→1 1Bu excitation energy in the long chain
limit calculated by this model is 16 200 cm21 or 2.0 eV. This
5/103(14)/6248/5/$6.00 © 1995 American Institute of Physics¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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6249B. E. Kohler and I. D. W. Samuel: Conjugation lengths in long polyenes
is reasonably close to the value reported for the polyac
lene absorption band edge.

Since the simple HSS model not only accurately rep
duces 11Ag to 1

1Bu transition energies inn-alkane solution
for planar all-trans linear polyenes with 3–8 double bonds
conjugation, but appears to behave reasonably in the
chain limit, it provides the library of 0–0 band excitatio
energy versus chain length. Representative values are
marized in Table I and are plotted in Fig. 1.

B. 1 1Ag to 1 1Bu transition intensity

Unfortunately, the chain-length dependence of the int
sity of the 11Ag→1 1Bu transition is not as thoroughly un
derstood as is the transition energy. This is primarily due
the difficulties of making quantitative measurements on
low temperature mixed crystals for which the geometry

TABLE I. Representative 11Ag→1 1Bu excitation energies and transitio
dipoles obtained using the HSS model.

Double
bonds

E(1 1Bu)/hC
~cm21!

^1 1Agumu1 1Bu&
~Debye!

2 47 630 5.160
3 37 740 6.876
4 32 180 8.381
6 26 240 10.873
8 23 190 12.819
10 21 380 14.351
15 19 080 16.957
20 18 040 18.509
50 16 580 21.336
100 16 300 22.022
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the polyene chains is known to betrans-planar. Accordingly,
we use theoretical values calculated with the simple mod
that accurately reproduces the excitation energies. It sho
be noted that although the 11Ag→1 1Bu transition dipole is
proportional to the number of repeat units in the chain for th
nonalternating chain, the increase of transition dipole wi
chain length is strongly suppressed by the alternation of res
nance integrals that must be included to obtain the expe
mentally measured excitation energies. Representative val
for the transition dipole moments calculated assuming
trans-planar geometry with all CvC bond lengths equal to
1.332 Å, all C–C bond lengths equal to 1.451 Å, and a
CvC—C bond angles equal to 125° are given in Table I an
plotted in Fig. 1.

C. 1 1Ag to 1 1Bu band profile

To simulate a spectrum, a delta function at th
1 1Ag→1 1Bu0–0 excitation energy for a given chain length
is convoluted with the appropriate absorption band profi
weighted by the squared transition dipole times the probab
ity of finding that chain length. Since the vibronic develop
ment of this transition is very similar for all chain lengths
any linear polyene 11Ag→1 1Bu absorption band shifted by
its 0–0 excitation energy is a reasonable candidate for t
band profile. The choice is an arbitrary one: we have elect
to use the absorption spectrum fortransb-carotene in CS2,
shifted by 20 876 cm21 to lower energy. This spectrum is
shown in Fig. 2.

There is a recursive element in this analysis since t
room temperature absorption spectrum ofb-carotene may
itself be the superposition of contributions from differen
e
FIG. 1. Chain-length dependence of 11Ag→1 1Bu excitation energy and transition dipole. The smooth curves are drawn through values calculated with th
HSS model. The 11Ag→1 1Bu 0–0 band excitation energies measured for linear polyenes substituted in low temperaturen-alkane crystals are plotted as1’s.
No. 14, 8 October 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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6250 B. E. Kohler and I. D. W. Samuel: Conjugation lengths in long polyenes
conjugation lengths, especially given the nonbonded inte
tions between theb-ionylidene ring and the polyene chain
This issue has been addressed in a previous paper whe
was found that theb-ionylidene ring generates a range
conjugation lengths that is only 0.25 double bonds wid6

this may be safely neglected. Further reassurance is prov
by the fact that the model that accounts for the distributio
derived in this paper predicts that the conjugation length
tribution for chains of the length ofb-carotene are dominate
by the molecular chain length.4

FIG. 2. Linear polyene absorption profile~absorption spectrum of
b-carotene in room temperature CS2 solution shifted 20 876 cm21 to lower
wave number!.
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III. ANALYSIS OF THE MEASURED SPECTRA

The algorithm for determining the chain length distribu-
tion from a measured absorption spectrum is straightforward
To calculate the absorption spectrum that corresponds to
given distribution, the band profile shown in Fig. 2 is shifted
to the 11Ag to 1 1Bu transition energy for a chain withN
double bonds in conjugation, weighted by the probability for
that chain length times the squared transition dipole, an
accumulated. The probability amplitudes are adjusted t
minimize the rms deviation between the calculated and me
sured spectra. To demonstrate this decomposition we ha
analyzed six absorption spectra measured for the samples
which Samuelet al.2,3 reportedx3 values. Three representa-
tive spectra are shown in Fig. 3.

It is informative to compare these measured absorptio
spectra to the absorption band profile shown in Fig. 2 shifte
to the 0–0 energy obtained from the HSS model~ideal oli-
gomer spectra!. These ideal oligomer spectra are the spectr
calculated by the means described in Sec. II when the distr
bution of conjugation lengths is taken to be a delta function
at the molecular chain length. There are substantial diffe
ences: as is seen in Fig. 4 the measured spectra exhibit su
stantially less absorption to low energy and more absorptio
to high energy than is expected. This suggests that the di
tribution of conjugated chain lengths differs from the idea
situation where most of the molecules exist as fully conju
gated chains. There must be significant contributions to th
absorption spectrum from conjugation lengths that ar
shorter than the molecular chain lengths.

To model these absorption spectra we tried a number o
forms for the conjugation length distribution: a single Gauss
FIG. 3. Absorption spectra for long polyenes~28, 68, and 240 double bonds! in room temperature THF solution as measured by Samuelet al. ~Ref. 3!.
No. 14, 8 October 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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FIG. 4. Absorption spectra of solutions of long polyenes compared to the corresponding ideal oligomer spectra. The ideal oligomer spectra were ge
shifting theb-carotene absorption spectrum so that the 0–0 band energy is at the value predicted by the HSS model. The HSS model accurately r
all of the 0–0 excitation energies that have been measured for planar all-transpolyene chains inn-alkane crystals.
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ian centered at the molecular chain length~that is, the maxi-
mum possible conjugation length!, a single Gaussian cen
tered at the chain length that minimized the squar
deviations of the calculated and measured spectra, etc.
were somewhat surprised to find that distributions whe
probability increased with conjugation length gave spec
that differed qualitatively from the those measured, where
distributions where probabilitydecreasedwith conjugation
length did much better. The best model by far contained t
Gaussians centered atN52, the shortest conjugation lengt
considered

P~n!5
e2~n22!2/s1

2
1Ae2~n22!2/s2

2

(n52
N ~e2~n22!2/s1

2
1Ae2~n22!2/s2

2
!
. ~1!

In this model three parameters~two widths and the relative
amplitude for the broader of the two Gaussians! were varied
to obtain a best fit to the measured spectra. The distributi
that gave the best fit to the measured spectra for three re
sentative cases are shown in Fig. 5. The measured and s
lated spectra are compared in Fig. 6. As is seen in Fig. 6,
resulting fits are almost perfect. The only apparent deviatio
are at short wavelengths and these derive entirely from
partially resolved vibrational structure in the reference sp
trum.

Similar analyses on solution spectra for other molecu
chain lengths~N539,N588,N5152! were also carried out
with exactly analogous results. The chain length distributi
parameters for all six cases are summarized in Table II.
J. Chem. Phys., Vol. 103,Downloaded¬23¬Jun¬2008¬to¬138.251.105.135.¬Redistribution¬subjec
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IV. CONCLUSIONS

Absorption spectra measured for solutions of long model
polyenes show significantly less intensity at long wave-
lengths and significantly more intensity at short wavelengths
than would be predicted from what is known about ideal
oligomer spectra. The conjugation-length dependence of th

FIG. 5. Chain length distributions that reproduce the absorption spectra
measured for THF solutions of long linear polyenes~28, 68, and 240 double
bonds in conjugation in the lower, middle and upper panels, respectively!.
No. 14, 8 October 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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FIG. 6. Fit of absorption spectra measured for long polyenes by the convolution of the chain length distribution shown in Fig. 5 with the band shap
in Fig. 2. For each molecular chain length the close correspondence between the two curves makes it impossible to distinguish the measured
simulated spectrum except at short wavelengths where the simulated spectrum shows more structure.
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energy and intensity of the 11Ag to 1
1Bu transition that has

been developed in high resolution experiments on w
defined linear polyenes can be used to extract the distribu
of effective conjugation lengths from the absorption spec
measured for solutions of long linear polyenes. These dis
butions are found to be dominated by short conjugat
lengths, exactly as would be predicted if it is assumed t
higher energy conformations where conjugation is broke
presumably by twisting about essential single bonds—ex4

While a different extrapolation of the high resolution data
well-defined oligomers would change the distribution para
eters, the qualitative form is dictated by the directly det
mined data on short chains. Of course, we have left open
question of the detailed structure and dynamics of these
mented conformers.

Given the fact that forN>4 fluorescence yield increase
with decreasing chain length, it might be imagined that

TABLE II. Chain length distribution parameters. The probability of cha

length n is given by Eq.~1! where Aln(2)s1 is the half-width at half-
maximum ~HWHM! for the short chains,Aln(2)s2 is the HWHM for the
long chains, andA is the relative amplitude of the long chains.

Double
bonds

HWHM
short chains

HWHM
long chains

Relative amplitude
long chains

N528 2.80 10.73 0.121
N539 3.16 13.47 0.090
N568 3.68 19.76 0.052
N588 3.78 27.35 0.048
N5152 3.97 36.32 0.033
N5240 4.09 40.39 0.035
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citation on the blue edge of the absorption band would res
in emission from the short segments that dominate the co
jugation length distribution. This would only be expected i
these segments were isolated. Because they are linked
gether we expect that the transfer of excitation energy fro
short to longer segments will effectively quench the emissio
from the short segments. While we do not feel that we kno
enough about the detailed structure and dynamics of the c
jugation breaks to speculate further on the fate of excitatio
after photon absorption, this is an issue that deserves seri
attention.

When samples contain a broad distribution of effectiv
conjugation lengths, experimentally determining th
conjugation-length dependence of nonlinear optical respon
is difficult, but, at least in principle, it should still be pos-
sible. The determination of these distributions that is pr
sented here is a first step in this more extensive analysis.

ACKNOWLEDGMENTS

Support from the National Science Foundation~Grant
No. CHE-8803916 to B.E.K.! and Christ’s College, Cam-
bridge ~research fellowship for I.D.W.S.! is gratefully ac-
knowledged.

1H. H. Fox, M. O. Wolf, R. O’Dell, B. L. Lin, R. R. Schrock, and M. S.
Wrighton, J. Am. Chem. Soc.116, 2827~1994!.

2I. D. W. Samuel, I. Ledoux, C. Dhenaut, J. Zyss, H. H. Fox, R. R
Schrock, and R. J. Silbey, Science265, 1070~1994!.

3We are grateful to R. R. Schrock, R. J. Silbey, H. H. Fox, C. Dhenaut,
Ledoux, and J. Zyss for making the measured absorption spectra availa
to us.

4B. E. Kohler and J. C. Woehl, J. Chem. Phys.103, 6253~1995!.
5B. E. Kohler, J. Chem. Phys.93, 5838~1990!.
6R. Hemley and B. E. Kohler, Biophys. J.20, 399 ~1977!.

n

No. 14, 8 October 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp


