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Conformational disorder in long polyenes

Phillip Wood and Ifor D. W. Samuel
School of Physics and Astronomy, University of St. Andrews, North Haugh, St. Andrews, Fife, KY16 9SS,
United Kingdom

Richard Schrock
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Ronald L. Christensen®
Department of Chemistry, Bowdoin College, Brunswick, Maine 04011

(Received 13 June 2001; accepted 18 September)2001

We have studied the temperature dependence of the absorption spectra of soluble, conjugated
polymers of known chain lengtt~100—1000 double bongssynthesized by Schattenmaanal.
[Macromolecules29, 8990(1996] using living polymerization techniques. The polymer spectra
show significant redshifts upon cooling from 300 to 80 K. To estimate the distributions of
conjugated segments in these conformationally disordered samples, the spectra were fitted to a
superposition of absorption spectra of conjugated segments of known lengths. These
“experimental” distributions of conjugated segments then were compared to those predicted by
theoretical models of conformational disorder. Although the low-temperature samples contain
significant populations of long segments, the shortest polyene segments dominate all distributions.
We compare these experimental results with distributions derived from the model of Yaliraki and
Silbey [J. Chem. Phys104, 1245(1996]. Adjustment of relevant energy parameters gives good
gualitative agreement between the experimental and theoretical distributions in long polyenes.
© 2001 American Institute of Physic§DOI: 10.1063/1.1416871

I. INTRODUCTION materials. Theoretical studies of the electronic states of

. . . polyened™'2 have concentrated on the room temperature
Conjugated polymers are an important class of material

) . . roperties of symmetric, short polyenes such as octatetraene
from both the physical and technological standpoints. They b y POl

are unique in combining semiconducting properties with easgzlg' 1. However, an understanding of the behavior of poly-

. ; .~ mer solutions and films is important both for fundamental
of processing, thus lending themselves to many applications

in light-emitting devices and molecular electrontcé Their ~ >C'€NC€ and for designing materials for technological appli-

electronic states lie in the regime between the relatively Io—_Cat'O”S' Here, we .StUdy the conformatlo_nal disorder of con-
ated polymers in solution as a function of temperature.

calized states of small molecules and the extended states h in ab i functi fi A

semiconductors. Linear polyenes in the form of carotenoids '€ ¢ange In absorption as a function ot temperature pro-

such asB-carotene(Fig. 1) convert light into chemical en- vides a critical test for models of conformational disorder.
The transition energy for the electronic oridi®—0 vi-

ergy in photobiological processes such as vision and photo- A 1
synthesis. Recent research on the excited states of these mBfonic band of the symmetry-allowed (1A;—1°B,) ab-

ecules has greatly improved our understanding of th&Orption of short polyenes can be expressed By A
photophysics and photochemistry of short, conjugated+ B/N, whereA andB are constants and is the number of
m—electron systems, and a great deal of detailed spectréOnjugated double bonds in the polyeridhis simple equa-
scopic and theoretical information is now available on thefion provides an excellent account of the spectra of model
electronic states of carotenoids and model polyénéslow-  Polyenes and carotenoid$N{15). However, the absorp-
ever, much work remains in understanding the links betwee#{ons of long conjugated polymers tend to lie at higher ener-
the optical properties of short polyenes and conjugated polygies than predicted by this equation. This suggests that the
mers of technological interest. polymers are disordered with the polymer chain breaking
Polymers have enormous scope for conformational disinto shorter conjugated segments. The unresolved shapes of
order. This can have a strong influence on the electronic aniie polymer absorption spectra further implicate some form
optical properties of conjugated polymers, as the degree aff conformational disorder. Shorter conjugated molecules,
electronic delocalization is strongly dependent on the confore.g., most carotenoids, exhibit vibronic structure, even in
mation of the polymer chain. It therefore is important toroom temperature solutiod$. The spectra of conjugated
understand the processes involved in conformational disopolymers can be explained by breaks into shorter segments
der in order to understand fully the photophysics of theseof different conjugation lengths. The absorptions of these
segments overlap, leading to broad, unresolved spectra.
dAuthor to whom correspondence should be addressed. Electronic mail: Extrapolation of the empiricah+B/N equation for the
rchriste@bowdoin.edu Sp— S, transition energy ttN = indicates that an infinitely
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FIG. 1. The molecular structures of the polyenes and
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long polyene should absortEg_o) at about 14 400 cmt most probable. Yaliraki and Silb&also used their model to
(A~700 nm.= It was quickly appreciated that the absorption explain the chain-length dependence of the third-order non-
spectra of the majority of polyacetylene and polydiacetylendinearity observed by Samuet al?22°
solutions typically fall well short of this limit, indicating The primary purpose of the work presented here is to
conjugated segments that are substantially shorter than thievestigate the temperature dependence of the conformation
chain lengths of these polymers. Baughman and Chiri€e, of conjugated polymers in solution and the validity of current
Exharos, Risen, and BaughminShandet al.'® and Rossi, conformational disorder models, especially that of Yaliraki
Chance, and Silbéy developed simple models that invoked and Silbey. This study also explores the connection between
a distribution of conjugated segments of different lengthshe optical properties of conjugated polymers and the rela-
within the polymer. These models explain the relativelytively well-understood electronic spectra of short polyenes.
broad, blue-shifted absorptions as being due to distributiongVe have studied the temperature dependence of the absorp-
of conjugated segments of different lengths, where the lengttion spectra of soluble polyene oligomers of known chain
of a conjugated segment is defined as the distaNcéduble length(~100-1000 double bongssynthesized by Schatten-
bonds over which the planarity of the polyene backbone ismannet al?® using living polymerization techniquéBig. 1).
maintained without interruption. This model also explainsBy using conjugated oligomers of well-defined length, we
the dispersion of the vibrational frequencies of C—C andeduce effects that arise from samples containing large varia-
C=C symmetric stretches observed in resonance Ramations in chain length. Unlike carotenoids and other simple
photoselection experiment5.Spectra obtained by exciting polyenes, the absorption spectra of the polymers experience
different regions of the broad polymer absorptions give risesignificant redshifts when their solutions are cooled. The
to different vibrational frequencies. The frequency of theanalysis of these temperature shifts provides further support
C=C symmetric stretch also shows Ar-B/N dependence, for conformational disorder in the polymers.
reaching a long polyene limit of 1460 crh*® As originally Estimates of conjugation length distributions were ob-
pointed out by Shanet al® this should allow the distribu- tained by fitting the polymer absorption spectra to superpo-
tion of conjugated segment lengths to be extracted from thsitions of spectra of conjugated polyene segments using a
distribution of vibrational frequencies. least-squares method. This extends the approach of Kohler
More recently, Kohler and Sami@lrevisited the effect and Samuet? which assumed that the distribution of conju-
of conformational disorder on the electronic properties ofgated segments could be approximated by a sum of Gauss-
conjugated polymers by fitting absorption spectra of variousans centered at the shortest conjugation lengtk2). Our
long-chain polyene oligomers to a superposition of spectra oapproach does not impose any functional form on the distri-
polyenes with known lengtts:?2 These fits gave distribu- bution of conjugated segments. This yields experimental dis-
tions that were dominated by the shortest polyene segmentsbutions that can be compared to the distributions predicted
with probabilities rapidly decreasing with increasing seg-by the model of Yaliraki and Silb&¥! The experimental de-
ment length. These conclusions were reinforced by a simpleermination of the distribution of conjugation lengths as a
modef? in which each single bond had the same energy barfunction of temperature provides a demanding test of the
rier for twisting out of the plane of conjugation. Statistical conformational disorder model. We find that the Yaliraki and
and entropic considerations then rationalize the apparer8ilbey model shows qualitative agreement with the experi-
domination of the shortest segment lengths. Yaliraki andnental distributions, but there are some quantitative differ-
Silbey? later extended the earlier work of Rossial,’®to  ences in the temperature dependence of the polymer absorp-
apply a more sophisticated theoretical approach, startingon spectra.
with a microscopic Hamiltonian that contained appropriate
steric terms for the torsional motions that disrupt the conju—”' EXPERIMENT
gation. The resulting probability distributions for the lengths ~ The synthesis of the polymer sampli€sg. 1) has been
of conjugated segments show that short segments are thkescribed by Schattenmann and Schroek! Our experi-
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ments focused on two members of the serfeswhich con- SM ia
tains ~137 double bonds, with a polydispersity of 1.21 and  (N)= ',\;1 s (2
B, which contains~880 double bonds with a polydispersity 2218

?f 1'62,; These polymers appear as the “3mer” and thezypressing the polymer absorption as the superposition of
65mer” in Taple Il of Ref. 25. A and B contain only  he absorptions of conjugated segmdiitg. (1)] requires a
6-membered rings, whereas the samples used by Kohler andhmpjete reference library of the absorption spectra of con-
Samuel contained random mixtures of 5- and 6-membereﬂjgated segments witN double bond§Ay(E)]. Three ele-
rings. Molecular masses and chain lengths were estimated Q¥ents are required to generate such a libfar§) how the
GPC and matrix-assisted laser desorption ionizatior;energy of theS,—S, absorption band varies witN; (ii)
(MALDI) time-of-flight (TQF)ZS mass spectrometry. The oy the shape of the absorption spedirelative Franck—
molecular masses determined from MALDI TOF were ap-condon factors changes with\; (iii ) how the intensity of
proximately half those obtained by GPC. The conjugateqne apsorption(i.e., the oscillator strength of th&,—S,
polymers used in this study are more rigid than the poWStVTransitior) scales withN.
rene standard used in the GPC measurements, and they ap- 1 generate a library of absorption spectra, we have used
pear heavier than they actually are when compared to thige apsorption profile oB-carotene in pentane as a template
standard. Although these m_olecules are considerably morg,y shifted the position of the absorption according to appro-
stable than simple, unsubstituted polyenes such as octatgfriate models. Knoll and Schrotkhave shown that the tran-
raene(Fig. 1), our samples showed evidence of degradatiorkition energies for the electronic origifi€0—0 bandg for
since their original synthesis. For example, the 476 nm roo .S, polyene spectriE,_4(N)] follow a simple empiri-
temperature absorption maximum #f in tetrahydrofuran ., relationship:  Eg OEN):AJr B/N where A
compares with an original maximum of 480 nm, indicating — 14 400 cm? and B=7:f> 730 cml Alt'hough these pa-
irreversible breaks in conjugation, possibly due to oxidation.;meters only apply strictly to di-tert-butyl polyenes in room
of some double bonds. _ _ temperatur@-pentane, they allow an estimate of the position
Absorption spectra were obtained in 2-methyl tetrahy-4f {he electronic origin for any polyene in any solvent. For
drofuran, a solvent that forms a glass at 135 K, perm'tt'”gexample Eo_o=21300 cm?® (\g_o=470 nm for N=11
absorption measurements on the polymers over a wide rangghich s in reasonable agreement with the absorption spec-
of temperatures. Absorption spectra were monitored in apg,m of B-carotene X,_o=483 nm in room temperature
proximately 50 K intervals between 80 and 300 K, and the, hentang We also assume that the Franck—Condon enve-
spectra were corrected for the absorption of 2-methyl tetjgpes (relative vibronic intensities and linewidthsor the
rahydrofuran. Scattering effects _and Fhe subtraction of th%OH S, transition in -carotene are appropriate for shorter
low-temperature solvent absorptions introduce some errorgp,q longer conjugated segments. This simplifying assump-

in the 300-350 nm range. _ tion probably underestimates the relative intensities of the
We fit the polymer absorption specfrA(E)] to a linear Sy—S,(0—0) bands in longer conjugated systems.
superposition of the absorption spedira(E)] of a set of If the oscillator strength and Franck—Condon factors
conjugated segments with conjugated double bonds were independent oN, the absorption of any conjugated
M segment containindyl double bonds at an ener@ycould be
A(E)ZNE1 anAn(E). (1)  expressed as
AN(E) < Agiig(E—(En—Eaig)), (3

M corresponds to the chain lengtihhaximum possible length
of a conjugated segmentf the polymer andN is the length ~ whereA,;, is the absorption of the oligomer templateg.,

of a given conjugated segment. Sirmgrepresents the prob- p-caroteng Ey=A+B/N, i.e., the 0-0 transition energy
ability of a given segment length, the least-squares fits werpredicted by the Knoll and Schrock equatidnand Eolig
constrained to havey=0. A program was written to per- =A+B/Ngg, where Ny;g is the number of conjugated
form these non-negative least-squaildsILS) fits following ~ double bonds in the template used for the vibronic line-
an algorithm given by Lawson and Hans@rThis method shapesN,ji;=11 for g-carotene.

has the advantage over those used by Shetral® and In order to estimate the change in the intensity of absorp-
Kohler and Samué! in not forcing the distribution of con- tion with the number of conjugated double bond¢)( we
jugated segments to assume any particular functional fornmise the squares of the transition dipole moments given by the
We also explored fits in which the probability of a given Hickel spectrum simulatofHSS model of Kohler?® In the
segment lengthg) followed the form suggested by Kohler HSS model the oscillator strengflti(N)] increases with\,

and Samuel, i.e., a sum of two Gaussians both centered @pproaching a constant asymptote for laky& The full ex-
N=2, where the widths and relative amplitudes of the Gauspression for the absorption of a conjugated segment With
sians were parameters in the least-square$’fitdthough  double bonds at enerdy is given by

the two methods yield similar qualitative results, the direct _

determination of the population coefficients using the NNLS AN(E)=T(N) Aaig(E = (En~Eoig)), @)
procedure provided better fits and is the basis for the concluahere f(N) is the oscillator strength and all other symbols

sions presented in this paper. have the same meaning as in E8§).
The mean conjugated segment lengit) was obtained A library of absorption spectra of conjugated segments
from theay’'s by taking a simple weighted average with N=5-100 was calculated and then used to fit 500 lin-

Downloaded 15 Jan 2004 to 137.99.123.52. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10958 J. Chem. Phys., Vol. 115, No. 23, 15 December 2001 Wood et al.

Conjugation length (A) . T T
800 50 20 1" 8 6 5
T T T T T

08

06

Normatised absorbance
Relative absorbance

0.2

. N
15000 20000 25000 30000
Energy (cm")

L -
15000 20000 25000 30000
Energy (cm'1)

FIG. 3. The polyene absorption library used for the NNLS fits presented in
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FIG. 2. Absorption spectra g#-carotengdashed lingandB (solid line) in this paper. Conjugation lengths are indicated.

2-methyl tetrahydrofuran at 300 K.

of our fitting range do not overlap very mucfNote that

early spaced points in the polymer spectrum between 12 sodpere is some overlap betyveen the absorption of the. long
and 33 333 cm' (300 and 800 nim The spectra of the poly- Se€gments and the absorption of the short segments in the
mers could not be obtained below 300 rabove 33333 high-energy ranggAs the length of the conjugated segment
cm™Y) due to the strong absorption of the 2-methyl tetrahy-ncreases, the spectra move towards lower enerpeger
drofuran solvent. Within our fitting range, there is no signifi- Wavelengthsand their 1IN dependence gives rise to consid-
cant overlap between the polymer absorptions and the spegrable overlap in the spectra of segments with comparable
tra of conjugated segments witN=1-4. The segment lengths. In anltlon_, the Koh_ler HSS mod_el predlct_s an ap-
lengths (\) in Eq. (1) do not need to be restricted to integers, proximatgly S|xfolq increase in the absorptivjggroportional

and improved fits can be obtained by using a finer gridf© f(N)] in changing fromN=5 to N=100. .
(AN<1) in the summations. However, the inclusion of non- _ The NNLS fit[Eq. (1)] of the 300 K spectrum oB is
integral conjugated segment lengths in the NNLS fits doegiven in Fig. 4a). The fit is particularly good at low ener--
not appreciably change the distributions. Given the assumpgiesv and the inclusion of nonintegral conjugation lengths in
tions and approximations of this model, fits using integralthe fits would reduce the deviations at higher energies. Fig-

lyzing the effects of disorder. ing from this fit. As previously noted in the work of Kohler

and Samuel, the absorption spectrum of this polymer is
dominated by contributions from the shortest conjugated seg-
ll. RESULTS ments. o o
Figure 4b) also shows the distribution of conjugation
Most of the basic issues involved in interpreting the so-lengths obtained from a fit of the spectrum in Fig. 2 to the
lution absorption spectra of conjugated polymers in terms ofnodel of Yaliraki and Silbe§* In this model the polymer
conformational disorder are illustrated in Fig. 2. PolyrBer chain is assumed to distort to form planar, noninteracting
exhibits a broad, room temperature absorption typicakegments separated by local breaks in the conjugation. The
of many other conjugated polyenes, and its absorptiorffective torsional potential is modeled by
maximum lies only slightly to the red of th@-carotene
template. The uppex axis in this figure shows th§,—S, V()= —E; cos 2—E; cos 4, )
transition energies Hy_y for selected conjugation where ¢ is the angle between neighboring segments. The
lengths, as predicted from the results of Knoll and Schrdck. first term represents the “conjugation” energy and the sec-
While the absorption profile ofB is somewhat lower ond term deals with “steric hindrance” for the twist of a
in energy than that of3-carotene N=11), the electronic polyene segment from its idealized plariér=0) geometry.
origin lies at a significantly higher energy than thd4 500  To calculate the spectrum in this figure we use Ed) in
cm™! predicted by application off,_o=A+B/N to N Ref. 24 to calculate the segment length distribution and then
=8801% The room temperature absorption spectrum thus reuse our oligomer library to calculate the absorption spec-
quires that the majority of the absorption Bfmust be as- trum. Eg andE; were varied to get the best fit to the spec-
cribed to conjugated segments with<20. The mean seg- trum, givingE;=0.024 eV(0.92kT) and theE.=0.015 eV
ment length clearly is much shorter than the chain length 0f0.58kT) at T=300 K. The Yaliraki and Silbey model leads
this polymer. to a continuous function for the distribution of all conjugated
Figure 3 shows part of the library of polymer absorptionsegment lengths. In contrast, the NNLS fits can be obtained
spectra that was generated from E4). and the absorption only for discrete segment lengths with absorptions overlap-
spectrum ofB-carotene at 300 K. We see that the absorptiorping our fitting range, which starts &t=5 for our data set.
spectra of short segmentsmall N) in the high-energy end We thus have normalized the two segment length distribu-
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FIG. 4. () NNLS fit of the 300 K absorption spectrum Bfto a superpo-

sition of spectra of polyene segmeislid line). Absorption spectrum d8 FIG. 5. (a) Absorption spectra oB-carotene at 80 Kdashed lingand 300
at 300 K (dashed ling (b) Conjugated segment length distributions for K (solid ling) in 2-methyl tetrahydrofurar(b) Absorption spectra 0B at 80
NNLS fits in (a) (solid line) and fit using the model of Yaliraki and Silbey in K (dashed lingand 300 K(solid line) in 2-methyl tetrahydrofuran. Inset—
() (dashed ling (c) Yaliraki and Silbey fit to the 300 K absorption spectrum the shift of absorption peak d& (solid line) and -carotene(dashed ling
of B (solid line). The absorption spectrum & at 300 K (dashed ling with temperature.

tions in Fig. 4b) such that the area under each is unity be-maxima as the temperature is reduced, and we see no discon-
tweenN=5 andN=100. The two distributions are remark- tinuities near the glass transition temperat(t85 K). The
ably similar. The main difference is that the distribution spectra of3-carotene show a much smaller stiiftone-third
predicted by the Yaliraki and Silbey model has a greatethat of B) in the position of the absorption peak and a sig-
abundance of long conjugated segment&>@0). Figure nificant enhancement of the vibronic structure upon cooling.
4(c) gives the absorption spectrum Bf at 300 K, recon- There are also significant increases in the integral of the in-
structed by using Eq1) and the distributioniFig. 4(b)] cal-  tensity of the absorption with respect to energy as the tem-
culated from the model of Yaliraki and Silbey. The higher perature is reduced.A(E)d In(E) increases by a factor of
abundance of longer conjugated segments in this distributiofi.7 when the solution oB is cooled from 300 to 80 K; for
accounts for the discrepancies between the experimental amgicarotene the integrated absorption increases by a factor of
theoretical spectra at low energies. 1.4 over the same temperature range.

We have further probed the conformational disorder and  We also have investigated the temperature dependence
the validity of the Yaliraki and Silbey model by investigating of the absorption of a shorter polymek with ~137 double
the temperature dependence of the polymer absorptions. Figonds with the same monomer structure BFig. 1). The
ure 5b) shows the absorption & at 300 and 80 K. There is 300 and 80 K absorption of this polymer are compared with
a large redshift in the absorption upon cooling: reddish-the spectra oB in Fig. 6. As expected, the absorption spectra
orange solutions turn bluish-purple as they are cooled. Thef A peak to the blue oB. The distributions are quite simi-
solid line in the inset of Fig. @) shows the shift of the peak lar; the shortest segments dominate both; howeBdras a
of absorption ofB with temperature; the dashed line showsslightly greater proportion of longer segments.
the shift in the lowest energy peak of absorption of  Figure 7 compares the 80 K absorption Bfand the
B-carotene over the same temperature range. Fig(ae 5 spectrum predicted from the model of Yaliraki and Silbey
shows the absorption spectra@carotene at 300 and 80 K. using the values for anB; and Eg obtained from the room
Both samples exhibit smooth shifts in their absorptiontemperature fits that generated the distributions in Fig3. 4
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TABLE |. Mean conjugation length(N) calculated using Eq(2) for
A andB.
0.6 |
TemperaturgK) A B
-l 80 11.7 13.8
Y 100 115 13.8
£ 150 10.1 12.7
3 200 9.2 10.7
< 08r 250 8.8 9.3
300 8.5 9
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0.1 f
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The fit to the absorption spectrum Bf at 300 K[Fig.
FIG. 6. Absorption spectra at 80 and 300 KBfsolid line) andA (dashed  4(a)] supports the notion that the absorption of these and
line) in 2-methy! tetrahydrofuran. other conjugated polymers can be described by a superposi-
tion of spectra of shorter conjugated segments. These fits are
much better at low energies due to the-B/N dependence
and 4c). The inset in this figure compares the experimentalof polyene S,— S, transition energiesHy_o). For longer
shift with temperature of the absorption maximumBofvith ~ conjugated segmentgarger values ofN) there are a rela-
spectra calculated from the model of Yaliraki and Silbey,tively large number of library members with similar, over-
again usingg, andE, from the room temperature fits. At 80 lapping absorptions, leading to a smooth superposition at the
K the Yaliraki and Silbey distributions contain significant low-energy end of our fitting range. Similarly, the relatively
contributions from segments with more than 100 doublepoor fits at high energies are the result of restricting the
bonds. However, the spectra used in this figure were genegbsorption library to integraN, giving a small number of
ated using a library of segments with=5-100. Due to the Widely spaced segment spectra at the high-energy end of our
convergence of th&,— S, transition energy,_o) at long  fitting range. Inclusion of nonintegralls improves the fits
segment lengths, the error introduced by using this restrictellut does not significantly change the distribution in Fign)4
library underestimates the redshift by no more than 65@r the values ofN) in Table I. The dominance of short
cm L. The spectra calculated from the model of Yaliraki andconjugated segments in the NNLS distributipfig. 4(b)]
Silbey show a greater shift with temperature than the mea@lso was observed by Kohler and Sanitidor a different
sured spectra. The experimental NNLS fits work well at allfamily of polymers. These distributions can be rationalized
temperatures and show increases in the abundance of longé$ing a simple model in which the probability of a single
conjugated segments with cooling. This is illustrated in Tabléoond twisting out of the plane of conjugation is independent
I, which shows the mean segment lengths calculated usingf its position in the polyene chaffi.The more sophisticated
Eq. (2) for both A andB. We see that the mean conjugation theoretical treatment of Yaliraki and Silt)?éyalso predicts
length (N)) for A is shorter tharB and that(N) increases that the shortest conjugated segments should dominate the
for both polymers as the temperature is reduced. distribution of segment lengths in these polymfsse Fig.
4(b)]. However, the Yaliraki/Siloey model appears to overes-
timate the contributions of long polyene segments in the
polymer solutions at 300 K.
By exploring the effect of temperature on polymer and
- carotenoid absorptions we are able to probe these models of
) conformational disorder and to better understand the tor-
] sional motions that disrupt conjugation. These measurements
el j | take advantage of the high solubilities of the polymers, even
' \ e — in low-temperature glasses. Cooling-carotene solution

07 . : :
/r\/, .
06| A

05| \

/

Peak position (103 cm")
= 3
T

o
T
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Tamperdire from 300 to 80 K results in a significant narrowing of the
vibronic structure and a mode&t950 cm 1) redshift of its
absorption[Fig. 5a)]. The well-resolved vibronic structure
implies that there is a narrow set of conformations, in which
the 11 double bonds form a single, relatively planar conju-
, , , , gated segment. The redshift and narrowing of vibronic lines
15000 20000 Ene{gy(cm,‘)zs‘m" 30000 observed upon cooling can be explained by a combination of
subtle conformational effect®.g., the 11 double bonds be-
FIG. 7. Comparison of the Yaliraki and Silbey predicticolid line) of the come more planarand stronger solvent interactions due to

absorption spectrum d at 80 K with experimentdashed ling Inset—  gq\yent contraction and the increased polarizability of
comparison of the temperature dependence of the peak of absorpti®n of

given by the model of Yaliraki and Silbeysolid line) and experiment ~ 2-Methyl-tetrahydrofuran  at |0W_ temperatur_es. Cooling
(dashed ling B-carotene to 80 K also results in an approximately 40%

03
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increase in its integrated absorption spectrum. This change&ould be limited by both chemical and conformational dis-
may be ascribed to the effects of solvent contraction and theuptions. It is important to note that the spectra reported by
increase inf(N) in the more planar species. Schattenmann et al?® originally exhibited absorption

In comparison withB3-carotene, the spectrum Bfshows  maxima(in room temperature THFat 480 nm forA and 507
a large(~3000 cm'}) redshift and no narrowing upon cool- nm for B. The spectra of solutions @ andB used in this
ing [Fig. 5(b)]. The redshift indicates that there is a greaterstudy were significantly blueshifted with absorption maxima
abundance of longer segments, i.e., some of the conformat 474 and 486 nm, indicating that our samples have addi-
tional breaks are removed when the temperature is loweredional chemical breaks in conjugation, e.g., due to oxidation.
The smooth spectrum at low temperature indicates that corfhe spectral shifts induced by lowering the temperature are
formational breaks are still present, even when the thermahus all the more remarkable, and we would expect even
energy is greatly reduced. The apparent shift to conformalarger temperature-dependent effects in polymer samples
tional distributions containing longer conjugated segments isvithout irreparable chemical breaks in conjugation. This also
consistent with estimates of a felT,.,, for the torsional suggests that the Yaliraki and Silbey model should perform
barriers (- E.+ E) for breaking the planes of conjugation in even better in accounting for the absorption spectra of fresh
these systems. Furthermore, as observegsfoarotene, the samples. In principle, the presence of permanent, random
absorption maximum smoothly shifts to longer wavelengthsdefects also could be incorporated into the calculations of the
as the temperature is lowered from 300 to 80 K. The absenceonjugation length distributions.
of discontinuities indicates that the redshifted spectra cannot The results presented here support the original hypoth-
be ascribed to solvent phase changes or the effects of foldingses of Exharost al,'” Shandet al.*® and others concern-
or aggregation. The low-temperature sample contains a smahg absorption maxima and vibrational frequencies that fall
population of species that absorb<at5 000 cm?, suggest-  well short of those expected for extremely long conjugated
ing a significant abundance of polymer segments with exsystems. The simple theoretical models proposed by Kohler
tremely long conjugation lengths. If this interpretation is cor-and Woeht® and by Yaliraki and Silb& predict distribu-
rect, these low-temperature samples provide a uniqudons of conjugated segment lengths that are similar at least
opportunity to use photoselection techniques, e.g., resonancgialitatively to those extracted from our empirical NNLS
Raman spectroscopy and time-resolved optical spectroscopijts. Nevertheless, these models and the fits deserve careful
to study the properties of exceptionally long conjugatedscrutiny. Most problematic are the predictions that solutions
systems. of even relatively short conjugated systems also should have

The temperature dependencies of the absorption specttangth distributions that are dominated by the shortest con-
of A (~137 double bondsandB (~880 double bondsare  jugation segments. However, the vibronically resolved ab-
compared in Fig. 6. The differences between the absorptiosorption spectra of molecules such@sarotene in Fig. &)
spectra ofA andB are more pronounced at low temperaturepoint to the absence of appreciable concentrations of conju-
with B containing a larger concentration of species absorbingated segments witNl<<11, and neither the Kohler/Woehl
at <15 000 cm*. The relative insensitivity of the absorption nor the Yaliraki/Silbey models account for the observation
spectra to chain length is consistent with the model of Yathat conjugation lengths are equal to chain lengths in simple
liraki and Silbey. For long chains, the model predicts that thepolyenes and carotenoids. More work will be needed to de-
distribution of segment lengths becomes relatively insensivelop models that establish a smooth connection between the
tive to the chain length. Also, it should be noted that theoptical properties of short and long polyene systems.
integrated absorption strengthSA(E)d In(E), increase by It also is important to acknowledge the inherent simpli-
a factor of 1.7 when the polymer solutions are cooled fromfications of a linear superposition modgtg. (1)], which
300 to 80 K, whereas they increase by a factor of 1.4 foassumes a collection of essentially orthogonal, noninteract-
B-carotene. While some of this change may be due to théng segments. Coupling between these segments could result
~20% reduction in the solvent volume, the major part of thisin the transfer of electronic energy to neighboring sequences
increase must be attributed to changes in the oscillatoon very short time scales. This would lead to homogeneous
strength[ f(N)] of the polyeneS,— S, transitions with in-  broadening due to the extremely rapid dephasing ofShe
creasingN. excited states. One might then question whether the vibronic

The model of Yaliraki and Silbey appears to overesti-profiles and linewidths of molecules such @gsarotene are
mate the redshift of the polymer absorptions with decreasingppropriate for describing the linewidths observed for the
temperature(Fig. 7). Several explanations merit consider- polymers. Resonance Raman excitation profiles have been
ation: First, the assumption of this model simply may beused to differentiate between homogeneous and inhomoge-
unrealistic, leading to overestimates of the importance oheous components of vibronic linewidtfs*?> Recent time-
long conjugated segments in the distributions. It also is posresolved experiments by Scholesal® indicate that inho-
sible that the increased viscosity of cooled solution increasesiogeneous broadening plays an important role in the optical
the barriers to torsional motion<(E.+ E;), partially locking  properties of substituted polyphenylenevinylete®Vs. If
the samples into their high temperature conformations. Irthe polymer spectra are broadened beyond-#5©0—-1000
addition to conformational breaks in conjugation, thesecm ! of homogeneous and inhomogeneous broadening expe-
samples may also contain irreversible chemical breaks due tienced byp-carotene and lycoperié® Eq. (1) will then
defects in the original polymerizations or subsequent chemieverestimate the importance of long polyene segments in
cal degradation. The lengths of the conjugated segments thecounting for absorption on the long wavelength end of the
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polymer solution spectra. However, given that short polyengossibility of chemical breaks in conjugation and the inter-
segments already dominate our distributions, corrections foactions between polyene segments. It is important to note
the effects of coupling would not significantly modify the that these simple models predict that short segments also
conclusions presented in this paper. should dominate the conformational distributions of short
In addition to making realistic choices for vibronic band polyenes and carotenoids. However, these molecules show
shapes and intensities, any model that purports to extracto evidence for species with conjugation lengths signifi-
population distributions from polymer absorption spectracantly different than the full chain lengths. A major challenge
also must accurately portray the dependence ofeS,  for theory thus is to account for polyene absorption spectra
oscillator strengths on conjugation length. The spectra useith both the short and long chain length limits.
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