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Abstract: The first nanosecond time-resolved resonance Raman study of carotenoid radical cations is reported for
the polyenes septapreffeearotene and 7' tlihydro3-carotene. In addition, previously unreported resonance Raman
spectra of the ground and triplet states of these molecules are reported. The radical cations were generated following
electron transfer quenching of triplet 1-nitronaphthalene in methanol and Triton X-100 micelles. The quenching of
triplet 1-nitronaphthalene by these carotenoids involves solvent-dependent competition between energy transfer and
electron transfer, and for both carotenoids, estimates are given for the efficiencies of these two processes in methanol
and hexane. The resonance Raman spectra of septgprearotene ground and triplet states are consistent with
spectra reported previously for other carotenoids. However, the resonance Raman spectrum of the triplet state of
7,7-dihydro5-carotene displays an intensity profile not found in the triplet spectra of other carotenoids. In addition,
the resonance Raman spectrum of the radical cation Gélihydro3-carotene is quite distinct from that of septapreno-
fp-carotene. These observations are attributed to differences in electronic structure arising from sefitegreteme

having an odd number of conjugated double bonds whiledili#dro3-carotene, unusually, has an even number.

Introduction For example, in a series of elegant studies Gust, Moore, and
) ) co-worker$ synthesized a series of triad molecules in which a
Carotenoids are present in the chloroplasts of green plants porphyrin (P) is covalently linked on one side to a carotenoid
and serve to protect the photosynth_et_|c system from photody- (Car) and, on the other, to a quinone (Q). This model of the
namic (photo-oxidative) damage. This is achieved by quenching yey feature of photosynthetic reaction centers shows electron
of chlorophyll triplet states, thereby precluding formation of ansfer from the porphyrin to the quinone following the
singlet oxygen, and possibly by direct quenching of singlet ahsorption of light, with a second electron transfer then
oxygen. C_:arotenoids also function as accessory Iight-harve_stingurepairingu the porphyrin radical cation and producing a final
pigments in the antenna systems of photosynthetic organisms charge-separated system involving the carotene radical cation
absorbing light energy in the spectral region where chlorophyll 544 the quinone radical anion (€arP—Q*). This suggests

absorption is weak. In addition, they may participate in the nat carotenoid radical cations may play an integral part of the
photosynthetic electron transfer chain with formation of caro- gjectron transfer system in photosynthesis.

tenoid radical cations. Although there is no direct evidence that
carotenoid radical cations are involved in normal photosynthetic KN
electron flow, Mathis and co-workeér$have observed absorp-
tion changes following photoexcitation of chloroplasts that they
attribute to a carotene radical cation at the photosystem Il
reaction center. Similarly, Barbest al® have observed the

Of particular current interest is the fact that carotenoids are
own to be lipid-soluble antioxidants capable of quenching
singlet oxygen and free radicals. Several epidemiological
studies have established a correlation betwkearotene dietary
supplementation and a reduced risk of serious diseases such as
formation of carotene radical cations in “blocked” reaction cancer7,*10. atherosclerosjs, and pos§ibly age-related macular
degeneratiod! Such radical scavenging would be expected to
cen.ters.. - ) lead to production of carotenoid radical cations, and thus, the
Light-initiated electron transfer across membranes is of gydy of carotenoid radicals is of considerable importance.

interest in the development of artificial photosynthetic systems |ngeed, in a recent pap&we have shown that lycopene (the
and again the role of carotene radical cations may be important.
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red pigment in tomatoes) is considerably more effective than Raman spectra were obtained by c.w. excitation using an argon-ion
B-carotene in protecting human lymphocyte cells against damagelaser (Coherent Innova 90) at 457.6 nm (laser power, 0.5 W; beam
by the NG radical, such protection being associated with the diameter at samplex100xm). The spectrograph used for ground state
formation of the respective carotenoid radical cations. and trlplet state res_onance Raman m(_easureme_nts was a trlple mono-
Resonance Raman spectroscopy has provided structurthromator (Spex Triplemate) as described previotislfhe detector

information on the around. excited sinalet. and triplet states of used throughout was a thinned, back-illuminated liquid nitrogen cooled
9 ! glet, P CCD camera (Princeton Instruments LN/CCD-1024TKB) with a 1024

(14316 ; : :
carotenoids?~*®all of which have strong electronic absorption 104 detector chip controlled by a model ST-130 controller interfaced

bands in the visible region. However, the principal electronic 1o cSMA software. To minimize photodegradation, samples were
absorption bands of carotenoid radical cations are located inflowed through a quartz capillary (diameter, 2.5 mm) at a rate Bf
the less accessible near-infrared region (7980 nm), and cm?® min~2,

consequently, resonance Raman studies have been limited by Methods. For hexane, methanol, and micellar solutions, the
the availability of sensitive near-infrared detectors. In this paper carotenoid and 1-nitronaphthalene concentrations wére 10> and

we report, for the first time, the time-resolved resonance Raman ~10-2 mol dn3, respectively. The solutions were deoxygenated by
(TR®) spectra of the radical cations of Zdhydrof3-carotene ~ bubbling with oxygen-free nitrogen (B.O.C., White Spot Grade).
(77DH) and septapren@-carotene (SEPT) formed in methanol Mice!lar solutions were prepe_tred by mixing a_carbon tetrachloride
and detergent micelles by photoinduced electron transfer to thesolut!on of carotenoid and 1-n|tr0naphth°alene with neat TX-100. The
triplet state of 1-nitronaphthalene (NN). In addition, we report |S°|u.t'°n was then rotary evaporated40 °C) to remove the solvent,

. o eaving a film of carotenoid and NN in TX-100. The film was then
the_Observat'o_n of Compeft't've energy and electron transfer solubilized in distilled water such that the detergent concentration was
during quenching of the triplet state of NRNN*) by 77DH 206 WIV.
and SEPT in methanol. The structures of 77DH and SEPT are

given in Figure 1. Results and Discussion

1. Kinetic Absorption Studies. The use of aromatic nitro
7,7-dihydro-B-carotene compounds in studies of photoinduced electron transfer is
relatively rare and is due principally to the very short excited

state lifetimes exhibited by these molecules. Excited singlet
Ms&pmpmno B-carotene state lifetimes are of picosecond duration due to rapid inter-
system crossing facilitated by the proximity offto wz* states

Figure 1. Structures of 77DH and SEPT. and to charge transfer (CT) mediated internal conversion.
Similarly, the triplet states of aromatic nitro compounds are
Experimental Section relatively short lived, particularly so for nitrobenzenes, and have

a tendency to abstract hydrogen atoms from the solvent because
o .
supplied by Hoffmann-La Roche and stored in the dark-ap °C of their nr* character. In the case of nitronaphthalenes however

under nitrogen; 1-nitronaphthalene (BDH) was recrystallized from _the triplet state lifetimes are <_:onS|_derany Ionger_, particularly
ethanol; biphenyl (BDH) was recrystallized twice from ethanol; Triton In Polar solvents where the triplet is better described as a CT
X-100 (TX-100, Fluka), hexane, methanol (Aldrich, spectrophotometric State than ana state!® The half-wave reduction potential
grade), and benzene (Romil) were used as received. (E(A/A*7)) of 1-nitronaphthalene is0.98 V (vs SCEJ? which

Instrumentation. Kinetic absorption measurements employed the is comparable with that of 9,10-dicyanoanthracene, a well-
third harmonic (355 nm) of a Spectron Nd:YAG laser as the excitation known excited state elecron acceptor.

source and a 250 W xenon arc lamp (K_ratos) as the ana_llyzi_ng SOUrce. | methanol, nanosecond (355 nm) laser excitation of NN
The 355 nm beam was attenuated using neutral density filters SUChproduce§NN*, which under our experimental conditions decays

that the laser intensity at the sample was typicalll0 mJ cm2. The . L . e .
sample cells were either a2 2 x 10 mm quartz capillary flow cell by first-order kinetics with a lifetime of-12 us. The triplet

(analyzing optical pathlength, 10 mm) or a £GL0 mm quartz cuvette lifetime in me_thanol, as exp_ected, is longer th_an the lifetime
fitted with a vacuum tap. For measurements in the-Wisible region, reported previoush for 3NN* in ethanol (-5 us) since ethanol
an Applied Photophysic§3.4 grating monochromator coupled to a IS a better hydrogen atom donor than methanol. The triplet state
Hamamatsu R928 photomultiplier tube was used. Near-infrared absorption spectrum of NN in methanol is shown in Figure 2
measurements employed a Bausch and Lomb monochromator andand exhibits two main peaks in the visible region~a00 and
silicon photqdiode deteptpr. Thg transient absorption traces were fed580 nm. This spectrum is similar to the spectrum reported
to a Tektronix 2_432A d!gltal oscnk_)scope and the data transferred to previously by Capellos and Portéfor 3NN* in ethanol.
an 1BM-compatible PGia a GPIB interface. In hexane the increasedrhcharacter ofSNN* results in a
Time-resolved resonance Raman measurements employed a pair of . .. . - -
excimer (Lumonics Hyperex 460) pumped dye lasers (Lambda Physik, significantly S_,horter triplet state lifetime of-1 #S, In good
FL3002) operating at 388 nm/355 nm (pump wavelengths, 1.5 mJ agreement with the value of 0.9& reported previoust for
pu|se‘1; beam diameter at sample;100 Mm) and 760 nm/485 nm this solvent. In addition, the abSOfption spectrum?NN* is
(probe wavelengths, 0.5 mJ putéebeam diameter at sample; 100 shifted to shorter wavelengths with the principal absorption
um). The operating frequency was 20 Hz, and the spectra were bands appearing at380 and~550 nm, respectively (see Figure
typically acquired for 16-30 min. The delay between pump and probe  2). This contrasts somewhat with the findings of Capellos and
pulses was 2us and was controlled by a Stanford DG535 pulse porterl8 who report an absorption maximum at 525 nm for
generator. The spectrograph used for resonance Raman measurement§n* in hexane. However, their spectrum relies on only a few

of the radical cations was a Spectra-Pro 500 (PI) with Rayleigh light . ; : : :
rejection using a holographic notch filter. The ground state resonancemgﬂ?/ss&ap(;endcfata points (every 25 nm) which may explain

Materials. Septapreng-carotene and 7' -dihydrof3-carotene were
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Sons: New York, 1993; Part B. 1159.
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W. J. Chem. Soc., Faraday Trank993 89, 1753. istry, 2nd Ed.; Marcel Dekker, Inc.: New York, 1993.
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Figure 2. Triplet state absorption spectra of NN in hexane and Figure 3. Absorption spectra of 77D and SEPT" in methanol
methanol. obtained following nanosecond 355 nm laser excitation of a solution

of NN containing~2 x 107° mol dn12 carotenoid.
Following 355 nm laser excitation of hexane or methanol

solutions of NN containing 77DH or SEPT\N* is quenched 0.06 1 [0-30
by the carotenoid at rates approaching diffusion control. In g 0057 -0.25
hexane, the quenching proceeds exclusively (see later) by £ 0.04] L0.20
exchange energy transfer to produce the carotenoid triplet state f 0.03 ] [ o.15
observed via the triplet absorption maxima at 476 ArTDH*) g e
and 475 nm3SEPT*), respectively. No evidence of any other £ 0.02 [0-10
photoproducts was observed. g 0.01 - -0.05
In methanol, however, quenching®N* by carotenoid leads 0] [ o
not only to formation of the carotenoid triplet state but also to 0.01] [ 0.05
=Y. AL ML AL S LA NN L S .

the formation of a longer-lived species absorbing in the near- o131 34
infrared region Amax = 760 and 820 nm for 77DH and SEPT,
resb[?_ecr:]tl\:jely; set—%)l_:lgurgs 3 Eénd 4h) which, by_gor‘r:jpar:son_ with Figure 4. Kinetic absorption traces demonstrating competitive energy
published spectreis attributed to the carotenoid radical cation. 54 ejectron transfer following nanosecond 355 nm laser excitation of
These observations imply the operation of electron transfer 5 methanol solution of NN containing2 x 10°5 mol dnT? 77DH.
quenching in competition with exchange energy transfer as The traces show respectively the decajMii* at 590 nm (left axis),

illustrated by Scheme 1. the growth of 77DH' at 750 nm (left axis), and the growth and decay
of 377DH* at 476 nm (right axis).

T
5 6 7 8 910
time/ps

Scheme 1
NN + CAR'+ Unfortunately, no absorption coefficients are available
for 77DH* and SEPT" and so estimates aben and @ are
based on triplet state data only, with the assumption that
NN + 3CAR* dDg = 1— O, The efficiencies of energy and electron transfer,
®n and @, are defined as the proportion 8NN*..CAR
Figure 4 shows the kinetic absorption profiles observed at quenching encounters that yie!d¢AR* and CAR™, respec-
the respectivémax for 3NN*, 377DH*, and 77DH" following tively. From kinetic absorption measurements in absence and
355 nm laser excitation of NN in methanol containing@ x presence of carotenoid and using the data in Table 1 with
1075 mol dm2 77DH. The kinetic traces show clearly the appropriate correctiodfor incomplete scavenging GNN*
3NN* decay with concomitant formation of77DH* and by CAR and decay ofCAR* during its formation, it is found
77DH*. The NN radical anion (NN), which is expected to  that, for 77DH,®., = 1.0 and 0.7 and, for SEPTe, = 1.0
be produced via the electron transfer channel of Scheme 1, couldand 0.6 in hexane and methanol, respectively. With the
not, however, be detected in these solutions. The visible assumption that electron transfer, followed by separation into
absorption spectrum of this radical has been obtained in free ions, is the only other possible pathway for quenching then,
dimethylformamide using electrochemical methddsd shows for 77DH, ®¢ = 0.0 and 0.3 and, for SEP® = 0.0 and 0.4
a peak around 660 nm with a relatively low absorption in hexane and methanol, respectively. Taking into consideration
coefficient €max = 2000 dnf mol~* cm™?). The fact that we  the uncertainties in the photophysical parameters used to
do not observe NN in the red region of the spectrum may be calculate them (see Table 1), these efficiencies are the same
due to its low absorption intensity at these wavelengths. for both carotenoids. The molecular and environmental factors
There are relatively few well-characterized examples of controlling the electron transfer yield in these systems will be
photochemical systems that exhibit competitive energy and the subject of future work involving a greater range of
electron transfet? and so it is of interest to determine the carotenoids and will be reported separately.
relative importance of the two channels for #ivN*/carotenoid 2. Resonance Raman Spectra.In general, the bands
system. The efficiencies of energy and electron transber ( observed in carotenoid resonance Raman spectra are associated
and®e, respectively) can be estimated from kinetic absorption with the conjugated polyene backbone chain, the precise band
data using the molar absorption coefficients of the participating positions being dependent os=C and C-C bond orders which
species. The relevant photophysical data for NN, 77DH, and are influenced by ther-electron distribution. Theoretical

3NN* + CAR

SEPT are summarized in Table 1. calculation®® based on Huckel and PPP methods have been used
(20) Lafferty, J.. Roach, A. C.; Sinclair, R. S.. Truscott, T. G.; Land, E to provide structural information concerning bond lengths and
J.J. Chem. Soc., Faraday Trans1B77, 73, 416. ' ' "~ bond orders in carotenoid ground states, triplet states, and radical

(21) Kemula, W.; Sioda, RNaturwissenschafteh963 23, 708. ions. In addition, these calculations have been used to explain
(22) Wilkinson, F.Photoinduced Electron Transfdfox, M. A., Chanon,
M., Eds.; Elsevier: Amsterdam, 1988; Part A, p 207. (24) Bensasson, R.; Land, E. Bhotochemical and Photobiological

(23) Baird, N. C.; West, R. MJ. Am. Chem. Sod 971, 93, 18. Reviews Smith, K. C., Ed., Plenum: London, 1978; p 163.
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Table 1. Photophysical Properties of 1-Nitronaphthalene (NN), 7,7-Dihyfimarotene (77DH), and Septaprefi@arotene (SEPT)

NN 77DH SEPT
methanol benzene hexane methanol hexane methanol hexane
trlus (£15%) 12 5.7 1.1 13 10 8 7
Amad{nm 590 585 550 476 476 480 475
T/cmta 3840 4805 3175 780 694 1790 1730
er/dm?® mol~t cm™t (:20%) 8700 6900 10506 374000 420000 227000 235000

a Absorption bandwidth a¢+/2. ® Obtained by the energy transfer method using pulse radiolysis with biphenyl (0.1 mé&) eadonor, for
which er = 27100 dmd mol~* cm™* at 359 nm in benzer®,and a NN concentration of T®mol dn13. ¢ Relative toer for SNN* in benzene using
a ratio of " values and assuming a solvent independent oscillator strehigtbm ref 24.¢ Relative toer in hexane using a ratio df values and
assuming a solvent independent oscillator strerig@elative toer in benzen& (206000 drd mol~* cm™?, I’ = 1970 cnt?) using a ratio of” values
and assuming a solvent independent oscillator strength.

the observed differences in the ground state, triplet state, and
radical cation UV-vis absorption spectra. In the neutral ground ; W
state of the carotenoids these theoretical mé@lptedict regular
and even €C=C—C bond alternation in agreement with
77DH"J

experimental observations. Consequently, the strongest bands
observed in the resonance Raman spectrum of, for example,
*7TDH*

B-carotene ground state appear around 1520 and 1150amd
are assigned to €C and C-C in-phase stretching modes,
respectively.

In the carotenoid triplet state, theoretical mod@tsuggest
a collapse of the regular bond alternation due to regions of
intermediate bond character toward the ends of the polyene
Cha_m' This effect causes the bond altern_atlon in the central Figure 5. Resonance Raman spectra of the ground state, triplet state,
region of the molecule to be out of step with that toward the .4 ragical cation of 77DH in methanol. The triplet state of 77DH
ends, producing a reversal of the bond order in the central partyas sensitized by 355 nm excitation of a solution containing anthracene
of the polyene chain. Thus, in the casefefarotene, the central (5 x 10-5 mol dn3) and 77DH (2x 1075 mol dnT3). The resonance
bond (15, 15 in the ground state is a double bond, while in  Raman spectrum 6¥77DH* was obtained using a probe wavelength
the triplet state, it is a single bond. Consequently, the resonanceof 485 nm delayed 2:s relative to the 355 nm excitation pulse. The
Raman spectra of carotenoid triplet states exhibit additional 77DH radical cation was sensitized by 388 nm excitation of a solution
bands and different intensity profiles (see below) compared to containing 1-nitronaphthalene-0-* mol dnr?) and 77DH (2x 10°°
those of the respective ground state spe@ra. mol dn3), and the resonance Raman spectrum was obtained using a

For the carotenoid radical cations, theoretical mddels Probe wavelength of 760 nm with a @s delay. A probe only

indicate that regular bond alternation is largely preserved, baquround has been subtracted from the original triplet state.and radical
. . cation pump/probe spectra. The ground state spectrum is solvent-

although the bond alternation is predicted to be less pronouncedg,:acted.

toward the center of the polyene chain. On this basis, the

appearance of the radical cation resonance Raman spectra is

not expected to differ dramatically from the spectra of the parent

molecules.

Prior to discussion of the individual resonance Raman spectra,
it is important to note the difference in electronic structure of
77DH compared with SEPT. The rather unusual feature with
respect to 77DH is that it possesses an even nunmier§) of
conjugated double bonds in contrast to SERF(9), 3-carotene
(n=11), and other common carotenoids which possess an odd
number of conjugated double bonds. The immediate conse-
quence of this is that the central bond of the polyene chain in — 7 T T
the 77DH ground state is a single bond and not a double bond 600 800 1000 1200 1400 1600 1800
as is the case for SEPT arfidcarotene. Similarly, the bond relative wavenumber / cm-
order reversal in the triplet state, as discussed above, results irfigure 6. Resonance Raman spectra of the ground state, triplet state,
the central bond being a double bond#7DH* and not a single and radical cation of SEPT in methanol. The experimental conditions

bond as foPSEPT*. This difference is reflected in the observed Vere the same as those given for 77DH in the legend to Figure 5. The
resonance Raman spectra discussed below triplet and radical spectra were obtained by subtracting a probe only

. background from the pump/probe spectrum. The ground state spectrum
The resonance Raman spectra of the ground state, triplet state, sol%ent—subtractedP PP P g P

and radical cation of 77DH and SEPT in methanol are shown

in Figures 5 and 6, respectively. Note that the resonance Ramara consequence of the falloff in the efficiencies of the spec-
spectra of the triplet state and radical cation of both carotenoidstrograph and detector in the near-infrared region. As the
were obtained by tuning the probe wavelength (485 and 760 resonance Raman spectra are similar in both methanol and TX-
nm, respectively) to the absorption band of the transient being 100 micelles, the following discussion of the methanol spectra
investigated. Ground state and radical cation spectra in applies equally well to the spectra in detergent micelles.
detergent micelles are shown in Figures 7 and 8, and the band Both ground state spectra exhibit similarities with the
positions and assignments for all spectra are given in Table 2.resonance Raman spectrumBetarotene reported previous§.

The poorer signal to noise ratio of the radical cation resonance The most intense bands appear at 1551 and 1548 fom77DH
Raman spectra relative to the ground and triplet state spectra isand SEPT, respectively, and are assigned +aCCstretching

intensity (arbitrary units)
L L

T T T T T
600 800 1000 1200 1400 1600 1800

. -1
relative wavenumber / cm

SEPT"

)

1 SEPT

*SEPT*

—

intensity (arbitrary units)

E
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this band. The appearance of a single, dominant Raman band
in the C-C stretch region of the 77DH spectrum may be due
77DH™ to the vibration of the central €C bond that is not possible

for SEPT. In both ground state spectra there is a weak band at
~1010 cnrl that is associated with rocking of the methyl groups
attached to the polyene chdth.The band at 1274 cni in the
77DH spectrum which is not present in the SEPT spectrum is
77DH assigned to a €H in-plane bending mode that is not coupled
with C—C stretching modes. There is no evidence of a similar
band in the SEPT resonance Raman spectrum reflecting,
perhaps, effective coupling of the<C stretching modes with

the in-plane G-H bending mode as suggested previotfstgr
ground stateg-carotene.

The triplet state resonance Raman spectra of 77DH and SEPT

intensity (arbitrary units)
1

T T L T T
600 800 1000 1200 1400 1600 1800
relative wavenumber / cm™’

Figure 7. Resonance Raman spectra of the ground state and radical

cation of 77DH in 2% Tr|ton X 100._ l_30th spectra were c_ollected for (see Figures 5 and 6) in methanol display marked differences
17 min, and the experimental conditions were as given in the legend

to Figure 5. The radical spectrum was obtained by subtracting a probetO the respective ground state spectra, which is consistent with

only background from the pump/probe spectrum. The ground state previous_observations in resonance Raman studi_es pf other
spectrum is solvent-subtracted. carotenoid$® However, the most striking observation is the

difference between thé77DH* and 3SEPT* spectra which
contrasts with the relative similarity of the ground state spectra.
Indeed, the resonance Raman spectruni7@DH* contrasts

. markedly with the resonance Raman spectra of carotenoid
. triplets reported previouskwhich, by and large, exhibit band
profiles very similar to®SEPT*. Perhaps the most prominent
feature of the’77DH* spectrum is in the €C region where

the strong single peak observed in the ground state spectrum is

%)
=
~
=

intensity (arbitrary units)
1

1 replaced by a group of three overlapping bands, all lying at
{ SEPT lower wavenumber relative to the ground state@band. In
— contrast, the band due to the=C stretch in the3SEPT*

spectrum (and the spectra of other carotenoid triplet Stites
remains a single peak, shifted to lower wavenumber (152%)cm
relative to the ground state band. The downward shift of 19
cm? for the G=C band in the!SEPT* spectrum is similar in

1 -1 T T T
600 800 1000 1200 1400 1600 1800
relative wavenumber / cm’

Figure 8. Resonance Raman spectra of the ground state and radical

cation of SEPT in Triton X-100. Both spectra were collected for 17 magnitude to the shifts reported for other carotenoids and reflects
min, and the experimental conditions were as given in the legend to

Figure 5. The radical spectrum was obtained by subtracting a probe the decrease in bond order following promotion of an electron

only background from the pump/probe spectrum. The ground state ffom @ bonding MO to an antibonding MO. The origin of the
spectrum is solvent-subtracted. triple-band system exhibited b7 7DH* in the G=C stretch

region is unclear but may be due to specific resonance
modes. The difference in the positions of the=C stretching enhancement of different=€C modes associated with regions
bands between SEPT and 77DH reflects the longer conjugatedof varying bond order as described above. In theCCstretch
chain length in SEPT relative to 77DH (cf. fircarotene the region (1106-1200 cnt?) the band profiles are again quite
band due to E&C stretching modes appears~at520 cnt?). different for the two triplet states. In the case®@¥DH*, two
The bands between 1100 and 1200~érn both spectra are  bands (1191 and 1145 cr) are observed in this region in
associated with €C stretching modes but may contain contrast to the single band observed in the ground state spectrum.
contributions from G-H in-plane bending* In the case of  The stronger band at 1191 chis shifted upward by-30 cnr?
SEPT, two bands appear in the-C stretch region, one of relative to the ground state band, while the weaker band at 1145
medium intensity at 1155 cm and another weaker band at cmtis 17 cnt® lower than the ground state band. These two
1191 cntl. In contrast, the resonance Raman spectrum of bands possibly arise from different resonantly enhance@€C
77DH in this region shows a single strong band at 1162%¢m  stretching modes as a consequence of the range-& Gond
although there is evidence of weaker bands on either side ofstrengths in the triplet state. It is interesting to note that the

Table 2. Resonance Raman Spectral Band Positions (in‘tin Methanol and Micellar Solution

7,7-dihydro{3-carotene septaprerfhearotene
methanol micelles methanol micelles
77DH 377DH* 77DHt 77DH 77DHT SEPT S3SEPT* SEPT" SEPT SEPT assignment
1009 1018 1009 961 1005 963 1014 957 960 955 —H®ut-of-plane deformation or GHocking
1010 1008 1008 1008 1007
1162 1145 1188 1134 1162 1155 1148 1132 1156 1132 —C@tretch
1191 1162 1188 1191 1190 1173 1192 1178
1274 1287 1208 1265 1230 1269 1209 1309 —HLCin-plane bending or Ckdeformation
1303 1282 1298 1279 1442 1428
1551 1449 1514 1548 1516 1540 1521 1517 1539 1515=C@itretch
1502 1541 1537 1536 1528

1529 1563 1558
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877DH* spectrum shows little evidence of the band around 1240 central bond is a double bond that possesses more single-bond
cm1, found in other carotenoid triplet spectfehat is attributed character than the equivalent bond in the ground state and so
to decoupled €H in-plane bending. FOISEPT*, four Raman exhibits a downward band shift from 1540 to 1517 ¢m

bands are observed in the 1300800 cnt?! region at 1148 (s), We are in the process of extending this work to include other
1190 (sh), 1230 (m), and 1279 (m) chthat exhibit a profile carotenoids (including-carotene) of varying conjugated chain
similar to carotenoid triplet spectra reported previod8lyThe length with odd and even numbers of conjugated double bonds.

bands at 1148 and 1190 cfnare assigned to €C stretching

modes, while the band at 1230 chis assigned to €H in-

plane bending. The band at 1279 ©mis attributed to The resonance Raman spectra of the ground state, triplet state,

deformations of the methyl groups attached to the polyene chain.and radical cation of 7;#lihydro -carotene (77DH) and

In both triplet spectra, a band in the 1618020 cnv! range is septapreng-carotene (SEPT) are reported for the first time.

observed and is assigned, as in the ground state spectra, tdhe marked differences in band positions and intensities between

rocking of the methyl groups attached to the polyene chain. the two sets of spectra have been discussed in terms of
The resonance Raman spectra of the radical cations 77DH theoretical models and are attributed to differences in electronic

and SEPT" (see Figures 5 and 6 for spectra in methanol solution structure arising from 77DH possessing an even numier (

and Figures 7 and 8 for spectra in detergent micelles) are more8) of conjugated double bonds rather than an odd number as in

similar to the respective ground state spectra than the triplet SEPT 6 = 9). The resonance Raman spectrun¥®EPT* is

state spectra, reflecting less dramatic structural changes betweenery similar to the resonance Raman spectra of other carotenoids

the ground state and the radical cation. Thestretch band  reported previously while, in contrast, the spectrurAfafDH*

Conclusions

in the SEPT" spectrum appears at 1517 thi.e. 23 cnt? is very different and displays an intensity profile not observed
lower in wavenumber relative to the ground state spectrum, in other carotenoid triplet spectra.
although there is evidence of a shoulder around 1535'cm The observation of photoinduced electron transfer from 77DH

This shift reflects the decrease in=C bond order following and SEPT t&NN* in competition with exchange energy transfer
loss of an electron from a bonding MO and a decrease in regularin methanol and TX-100 micellar solutions has been described.
bond alternation, particularly near the center of the polyene In hexane, no free radical ions are observed and the efficiencies
chain. The €-C band at 1173 cnit shows evidence of a pair ~ of energy transfer have been estimated as 100% for quenching
of unresolved peaks that are slightly higher in wavenumber than of 3NN* by 77DH and SEPT. In methanol, the efficiencies of
in the ground state, suggesting a shortening of th&C®onds energy transfer frofNN* to 77DH and SEPT are considerably
in the polyene chain. The bands at 1008 and 1269'dmave less ~70% and 60%, respectively) than in hexane due to
equivalent assignments to analogous bands in the ground andcompetition from electron transfer quenching as evidenced by
triplet state spectra. the formation of the carotenoid radical cations in this solvent.
The resonance Raman spectrum of 77D#isplays a triple- The influence of solvent polarity and the nature of the polyene
band system in the €C stretch region similar to that of the  on the efficiency of electron transfer is the subject of an ongoing
877DH* spectrum, although the intensity profile is different and investigation involving a greater range of carotenoids and
the shifts are less pronounced. The-C band at 1188 crt solvents and will be reported separately in a future publication.
is at higher wavenumber than the corresponding ground state
band (1162 cmb), indicating a shift of 26 cmt and an increase
in the C—C bond order. The differences in band shifts between
77DH* and SEPT" for the G=C and C-C bands may be due
to the difference in the character of the central bond of each
radical. In 77DH", the central bond is a single bond that
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