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The S and T, Raman spectra of atransspheroidene and its deuterio derivatives (10-d, 12-d, 14-d, 15-d,
15-d, 14-d, and 15,15d,) were recorded im-hexane solution. The;Istate was generated by the use of a
sensitizer, anthracene. An empirical normal-coordinate analysis of the spectral data was performed by using
Urey—Bradley—Shimanouchi force field; non-UBS cross terms were also introduced. By the use of each
carbon-carbon stretching force constant as a scale of bond order, large changes in bond order upon triplet
excitation were identified in the central part of the conjugated chain: decrease in bond order was in the
order, C13=C14 > C11=C12 > C9=C10 > C15=15, whereas increase in bond order was in the order,
C12-C13 > C14-C15~ C14—C15. In other words, the triplet-excited region where the largest changes

in bond order take place was located, not at the center of the entire carbon skeleton, but at the center of the
conjugated chain. ThepSand T, Raman spectra of 1&is-spheroidene and its deuterio derivatives (12-d,
14-d, 15-d, 15d, 14-d and 15,15d,) incorporated into the photoreaction center frelrodobacter sphaeroides

R26 were also recorded. The $tate of spheroidene was generated by excitation of bacteriochlorophyll at
the Q absorption and subsequent triplet-energy transfer to the carotenoid. T laaGT;-state carbon

carbon stretching force constants showed changes in bond order similar to thostafsdpheroidene in
solution. However, empirical and normal-coordinate analysis of tHeaman spectra showed twistings around

the C15=C15, C13=C14 and C1%#C12 bonds, the values of which were temporarily estimated to4fs,

—30° and+30°, respectively. A hypothetical mechanism of triplet-energy dissipation triggered by rotational
motion around those double bonds has been proposed.

Introduction Car and the apo-peptides are apparently involved, are still

. . . . unknown.
The carotenoid (Car), spheroidene, in the photoreaction center The properties of the special-pair tripléPj and the mech-

RC) of Rhodobacter (Rb.) sph idpkys the phot tec- . .
(RC) of Rhodobacter (Rb.) sphaeroidpiys the photoprotec anisms of the triplet-energy transfer to the Car have been exten-

tive function (see refs 1 and 2 for reviews). When excessive . . - .
light energy is supplied, the reducing conditions cause the re- sively St.Ud'ed (seg ref 3 for a review) by means .Of t|me-re_solved
verse electron transfer along the L branch, and charge recom-Electronic-absorptidn® and EPRYspectroscopies: A unique

bination at the special-pair BChls (P) to generate the triplgt (T ProPerty of the P~ Car triplet-energy transfer is its strong
state. To avoid sensitized generation of singlet oxygen, the triplet mPerature dependence; at room temperature, its efficiency is
energy needs to be transferred to the Car, presumably via one’€"Y high and onlyCar (triplet carotenoid) is practically seen,

of the accessory BChls (B, to be dissipated. The detailed whereas below 20 K, its efficiency drastically goes down and

mechanisms of the triplet-energy dissipation, in which both the MY %P is seen. The crucial role ofyBin mediating the P—~
Car triplet-energy transfer has been establiskied,and the
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been determined to be 15-cis by resonance-RafnC D incorporated into the RC from theb. sphaeroideR 26. The

and NMRS-18 spectroscopies, and by X-ray crystallogra- results have provided us with deeper insight into the mechanisms

phy1920The distortion of the conjugated backbone of those Cars of triplet-energy dissipation.

upon binding to the RCs has been identified by Raman spec- The § Raman spectra ofgdand deuterio spheroidenes in

troscopyt6:2+-23 solution and bound to the RC have been presented and analyzed
The particular 15-cis configuration has been ubiquitously empirically in relation to the structure of spheroidene in the S

found not only in the quinone-type RCs of other purple state?” The present investigation is based on the normal-

photosynthetic bacteria i.eRb. sphaeroide§1C*! and Rho- coordinate analysis of they&nd T, Raman spectra, and focuses

dospirillum rubrumS124 and that of spinach PS #,but also on the T-state structures and the mechanisms of triplet-energy

in the ion sulfur-type RCs of a green bacteriu@hlorobium dissipation by the RC-bound Car.

tepiduny® an alga,Synechococcusulcanus?® and spinach PS

.27 Because the photoprotective function is expected to be mostExperimental Section

crucial in the RC, it is natural to correlate the natural selection

of the 15-cis configuration, during the history of the photosyn-

thetic organism, to this particular function, and to address a

question: Why has the 15-cis configuration been selected bywas prepared as described previodlyAll- trans-deuterio

i ?

the RCs (§ee refs 2 and 28 for.rewews.). . ut spheroidenes including 10-d, 12-d, 14-d;-#1415-d, 15d and
Cqmpgrlson among a set 9f Cis-trans isomers in solution may 15,18-d, spheroidenes were prepared by the methods described

provide information concerning the unique-State properties — o\iusly® (b) Preparation of the RCs from Rb. sphaeroides

of the 15-cis configuration: A set of cis-trans i;g]mers of Containing @ and Deuterio SpheroideneShe RC containing
p-carotene was examined by time-resolved Rathaand do spheroidene was prepared by (i) solubilization of the

absorptiof® spectroscopies and by determination of triplet- chromatophores (25 0678 000 x g fraction) from Rb
sensitized isomerizatio®.The results indicated that the presence sphaeroide€.4.1 with LDAO in the presence of 150 mM NéCI
of extremely rapid 15-cis to all-trans isomerization in the Ty ammonjum sulfate precipitation, and (iii) DE52 ion-exchange
state (the 15-cis 1Tis too short-lived to be detected) with a  -4,mn chromatography using stepwise elution with-200

quantum yield of almost unity (see ref 32 for a review). Most  \\1 Nacl according to the method of Cogdell and Parsth.
recently, a set of cis-trans isomers of spheroidene was examinetrjo rcs containing deuterio spheroidenes were obtained by

by time-resolved absorption spectroscopy and determination ofy, iy incorporatiorft into the RC fromRb. sphaeroideR2642
the.quantum V'.e"?‘ of trlplet-sen5|t|zed |somer|zgt?ém!l the the spheroidene:RC ratio being 15:1. We found that iodine-
cis isomers exhibited the,F So intersystem crossing sixtimes  ggnsitized photoisomerizatirof each allrans spheroidene in
faster than the all-trans isomer, and thestate isomerization  5qyance greatly enhanced the efficiency of incorporation. The
was the fastest in the 15-cis isomer. The results strongly sug- 5., nts of incorporation of 12-d, 14-d,'4dk 15-d, 15d, and
gested that the 15-cis isomer is most advantageous in dissipating 5 15-d, spheroidenes into the RC f06}$1 Raman measure-
the triplet energy. _ S _ ments were 98/98, 78/88, 78/88, 76/85, 87/82, and 80/86%,
The above pair of comparison of isomeric carotenoids has respectively.
Iead_ us to propose a hypotheticgl mechanism of triplet-energy Raman Measurements.(a) S Raman Measurement§he
dissipation, which includes rotation around the 15-cis bond of Raman spectra ofocand deuterio altrans-spheroidenes in the
the RC-bound spheroidef?* The key idea behind this g state were recorded inhexane solution (0:25.0 x 104
hypothetical mechanism is that the rotation around a carbon M) at liquid nitrogen temperature by the use of the CW 488.0
carbon double bond causes a change in the orbital angularymy jine (7-14 mW) of an At laser (Lexel 95) and a Raman
momentum around the carbon atoms, and as a result, a Chang%pectrometer (JASCO TRS-300) equipped with an image-

Sample Preparation. (a) All-trans-Spheroidene and its
Deuterio Dervatives. All-trans-spheroidene of natural-abun-
dance isotopic composition (hereafter called $gheroidene”)

in the spin angular momentum to enhance the TS, inter- intensified diode-array detector (Princeton Instruments IRY-
system crossing (relaxation) accompanying the triplet-energy 700). The Raman spectrum of dnd deuterio spheroidenes
dissipation. incorporated into the RC fronRb. sphaeroidesR26 was

The structure of the RC-bound tis-spheroidene in the;T  measured by the use of the CW 514.5 nm line, instead. No
state should provide further insight into the mechanism of triplet- spectral smoothing was performed. The Raman frequencies were
energy dissipation: Transient resonance-Raman spectroscopyalibrated against those of acetone, benzene, ethyl acetate,

showed that a cis configuration was retained in thestate3® n-hexane, and toluene.
although enormous enhancement of some Raman lines strongly (b) T, Raman Measurement§he Raman spectra of,@nd
suggested the twisting of the conjugated backiz8ngéhe deuterio alltrans-spheroidenes im-hexane solution (1:35.0

twisting around the CE5C13 cis bond seemed to support the  x 10-5 M) were recorded in the presence of a triplet sensitizer,
above hypothetical mechanism. Prolonged irradiation actually anthracene (66100 fold), by the use of a pumiprobe
caused the generation of the all-trans isofier. technique described previoudtwith the following modifica-

This mechanism has been questioned by incorporating locked-tions: The 355 nm pulses (power 5.0 mJ/pulse, duration 6 ns,
15,18-cis-spheroidene (hereafter called “locked diS-sphe- and repetition 10 Hz) from a Nd:YAG laser (Lumonics HY-
roidene”) into the RC oRb. sphaeroide® locking the 15-cis 400) were used for pumping, whereas the 532 nm pulses (2
configuration by introducing additional single bonds did not mJ/pulse, 5 ns and 10 Hz) from a Nd:YAG laser (Spectron
substantially change the decay time of theCkr. This question SL284G) were used for probing. The pump and probe pulses
needs to be answered before establishing the above hypotheticatoaxially irradiated a flat jet stream of the sample solution from
mechanism. In the present investigation, we have tried to extractan angle of 4% and 90 Raman scattering was collected. The
the structural information of (unlocked) IXfs-spheroidene delay time between the pump and probe pulses was set to be
bound to the RC fronRb. sphaeroidesn both the gand T, 1.0 us by the use of a high-voltage pulse generator (Princeton
states, by means of transient-Raman spectroscopy and normalinstruments, FG-100). The Raman scattering was detected by
coordinate analysis of spheroidene and its deuterio derivativesthe above image-intensified diode-array detector, which was
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Figure 1. Chemical structure and models of spheroidene: (a) Chemical structure and the numbering of skeletal carbon atoms of spheroidene, (b)
the bond lengths and (c) the bond angles of the model used for the normal-coordinate analysisan$-sfiheroidene in solution, and (d) the
twistings of the conjugated backbone of the model used for the normal-coordinate analysi$5e€i$-spheroidene bound to the RC (the same

bond lengths and bond angles as the model diralis-spheroidene were assumed). Twisting around the=€€1B5 bond by 30 alone was assumed

in the S state (not shown).

gated for 3.5:s by the use of a delay-pulse generator (Stanford shows the models of altans and 15€is-spheroidenes that were
Research Systems DG-535). ARaman spectrum was obtained used for normal-coordinate analyses. One peripheral group
as a difference spectrum of “with pump” minus “without pump” beyond C1 and the other peripheral group beyond v@are
after subtracting the Raman lines of the solvertgexane, from truncated, and replaced by a pair of mass units of 15. The bond
each spectrum. For the, Raman spectra of 10-d, 12-d, 14-d, lengths and the bond angles concerning the carbon skeleton were
15-d, 15-d spheroidenes, spectral smoothing was performed. estimated based on the structurefe¢arotene determined by
The purity of each sample examined by HPLC using a detection X-ray crystallography? the methyl and olefinic €H bond
wavelength of 450 nm, before/after the Raman measure-  lengths were set to be 1.095 and 1.08 A, respectively. Com-
ment, was as follows: o 97/95; 10-d, 100/-; 12-d, 100/91; pletely planar conformations were assumed for the all-trans
14-d, 88/75; 14d, 62/54; 15-d, 80/74; 15, 75/60; 15,15d,, isomer in solution in both thegSand T, states. For the 15-cis
99/87%. isomer bound to the RC, the CE&15 bond was twisted by
The Raman spectra o dpheroidene in wild-type RC and +30° in the § state, whereas the CE&£15, C13=C14 and
deuterio spheroidenes incorporated into carotenoidless RC wereC11=C12 bonds were twisted by45°, —30° and +30°,
recorded by the method of Ohashi et?alexcept for the respectively, in the Tstate (vide infra).
following modifications due to the limited amounts of deuterio In the present normal-coordinate analyses, we used-trey
spheroidenes: the sample concentrations were reducedgp OD Bradley—Shimanouchi (UBS) force field expressed by the force
11-18 cntl, and the power of pump pulses (600 nm, 5 ns constants of stretchindJ, bending H), nonbonded repulsion
and 10 Hz) and that of probe pulses (532 nm, 6 ns and 10 Hz) (F), intramolecular resistance forog)(wagging (M), and torsion
were increased to 3.0 mJ/pulse and 6:1% mJ/pulse, respec-  (T). Non-UBS cross terms including the stretching-stretching
tively. (K), bending-bending [), and wagging-wagging (v) cross
Normal-Coordinate Analysis. Figure 1a shows the entire  terms were also introduced. In Tis-spheroidene, additional
chemical structure of alirans-spheroidene, and Figure Zd cross termskh) between (1) the C14C15 and C14-C15
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TABLE 1: Frequencies and Empirical Assignments of the $

L [
1500 1500
Raman Shift/ cm” Raman Shift / cm™’'

Figure 2. S Raman spectra (488 nm probe) and thé&k@&man spectra
(532 nm probe) of gland various deuterio atrans-spheroidenes in
n-hexane solution. The ;Tstate of spheroidene was generated by
excitation of anthracene (sensitizer) at 355 nm and subsequent triplet-
energy transfer to the Car.

stretchings and (2) the C+H, C15—H and C15—H bendings
within the 15-cis bend were introduced. The Normal vibrations
were calculated by Wilson’s GF-matrix methdtd using
programs BGLZ, LSMB, and LXZ originally written in Prof.
Takehiko Shimanouchi’s laboratof$.

Results

Empirical Assignments of the $ and T; Raman Lines of
do Spheroidenes Based on Deuteration Effectéa) All-trans-
Spheroidene in Solutioftigure 2 shows the Raman spectra of
all-trans-spheroidene im-hexane solution in both they&nd
the T; states. Table 1la summarizes a set of empirical assign-
ments for the $and T, Raman lines of glall-trans-spheroidene,
the details of which will be described below according to the
following order of appearance in the spectral region of 1600
900 cnT: (1) the G=C stretchings (16001500 cntY), (2) the
methyl in-plane (ip) asymmetric and symmetric deformations
(~1450 and 1390 cri, respectively), (3) the €H ip bendings
(1300-1250 cntl), (4) the C-C stretchings (12561100
cm™1), (5) the methyl ip rockings (10101000 cnt?), and (6)
the C—H out-of-plane (op) waggings (96®40 cntl). (Here-
after, we will omit “ip” and “op” except when they are

and T, Raman Lines for (a) d, All-trans-Spheroidene in
n-Hexane Solution and (b) @ 15-cis-Spheroidene Bound to
the RC
(a) S state T state
frequency assignment frequency assignment
1529 central &C str 1500 C1%#C12,
C13=C14 str
1445 Me asym def 1450 Me asym def
1391 Me sym def 1352 Me sym def
g 1312
2 1293 C1%H, C11—H bend
3 1281 1268 C16H,
) C12—H bend
2 1210  C12-C13,C12—C13 str
& 1191 C8-C9 str 1165 C16-C11,
" C14—C15 str
1161 C16-Cl1istr/ 1112 Cl16-C11~
C14—C15, C14—C15 str C14—C15 str
1004 Me rock 1006 13Me rock
959 C—H wag 944 C-H wag
(b) S state T state
frequency assignment frequency assignment
1534 C1¥C12, C13=C14, 1526 C1¥C12 str
C13=C14 str
(1532) C15=C15 str 1505 C13-C14,
C15=C15 str
1445 Me asym def
1288 C11H, C11—H bend 1335 C15H,
C15—H bend
1239 C15-H, C18—H bend
1212 C12-C13, C12—C13 str
1190 C8-C9 str
1168 C14-C15 str 1182 C16-C11 str
1159 C16-C11 str 1156 C14C15 str
1001 Me rock 1008 13Me rock
973 C—H wag
954 C—-Hwag 935 C-H wag

necessary.) Those vibrational modes in which the displacements
of atoms are in accord with those upon thBJ" — 1Ay
(~480 nm) and th@*Ag" < 13B,* (~505 nm)z-r* transitions
should give rise to strong or medium resonance-Raman lines
in the $ and T, states when probed at 488 and 532 nm,
respectively. Thus, all the observed Raman lines are ascribable
to the normal modes which are associated with the conjugated
chain.

Spectral changes upon deuteration are useful in assigning the
Raman lines of glspheroidene: In a planar conjugated chain,
an ip C-H bending vibration can couple with the=€C
stretching and the €C stretching vibrations appearing on the
higher- and the lower-frequency-sides, and as a result, push
(through the coupling) the former to the higher frequencies and
the latter to the lower frequencies. Upon replacement of an
olefinic proton by a deuterium, the above coupling is removed
(the C—D bending vibration shifts all the way down to below
950 cn?), and the low-frequency-shift (high-frequency-shift)
of the relevant &C (C—C) stretching Raman line takes place.
Therefore, the deuteration of each olefinic H facilitates assign-
ments of the coupled €C and C-C stretchings. It is to be
noted that all the &C and C-C stretchings and the -€H
bendings, which take place within a planar polyene skeleton
terminated by a pair of methyl groups on both ends, can couple
with one another. This type of coupling among ip modes is also
useful to probe the planarity of the conjugated chain.

Assignments of theyRaman Lines(1) The strongest Raman
line at 1529 cm? can be assigned to a set of=C stretchings
coupled in-phase (thedype mode). The low-frequency shifts
upon the 10-d, 12-d, 14-d, 15-d,'3d, and 15d substitutions
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are 4, 15, 5, 10, 3, and 8 crh respectively. The results suggest
that the stretchings of the double bonds in the central part of
the conjugated chain are coupled with one another (see Figure
1). Similar shifts upon the 14-d and 'id substitutions (5 and
3 cn?) as well as those upon the 15-d and-diSubstitutions
(10 and 8 cm?l) strongly suggest that the atomic displace-
ments in this particular mode are symmetric with respect to the
C15=C15 bond. (2) The 1445 and 1391 ciRaman lines
can be assigned to the methyl asymmetric and symmetric
deformations, respectively, based on their frequency and
intensity. (3) A pair of weak but distinct Raman lines at 1293
and 1281 cm! can be associated with the CiH and
Cl1l1—H bendings, because they change spectral patterns
substantially upon the 10-d and 12-d substitutions, but very little
upon other deuterations. (4) It was shown, in tedlRs -
carotene, that the stretching between the methylated and
unmethylated carbon atoms in the conjugated chain is higher
in frequency than that between a pair of unmethylated carbon
atoms?647 The weak 1210 cmt Raman line splits into two
components upon the 12-d substitution; one component upshifts
to 1235 cm! and the other component stays at 1212-&m
Upon the 14-d and 14 substitutions, it shifts to as high as to
be overlapped with the C+IH bending Raman lines mentioned
above (1280 cntl). Therefore, the 1210 cm Raman line
can be assigned to an overlap of coupled vibrations, i.e., one,
the C12-C13 stretching which is coupled with the C1BR and
C14—H bendings and the other, the CXZ13 stretching which
is coupled with the C12-H and C14—H ip bendings. The other
weak 1191 cm! Raman line shifts to 1278 crhupon the 10-d
substitution, but no clear spectral changes are seen upon othe
deuterations. Therefore, the Raman line can be assigned to thg" | ) |
C8—C9 stretching coupled with the C# bending. It was 1500 aman Shift/em? 1500 aman shift/ e
also showff47that the C-C stretchings coupled in-phase taking Figure 3. S Raman spectra (514.5 nm probe) and theRBman
place in the central part of a long conjugated chain give rise to spectra (532 nm probe) of dnd various deuterio 18is-spheroidenes
strong resonance-Raman lines: The second strongest Ramahound to the RC. The [Tstate of spheroidene was generated by
line at 1161 cm? splits into a peak at 1169 crhand a shoulder excitation of bacteriochlorophyll at 600 nm and subsequent triplet-
at 1160 cnt! upon the 10-d substitution, and widely splits into energy transfer to the Car.
a pair of Raman lines at 1169 and 1159 ¢nupon the 12-d
substitution. The results indicate a strong contribution of the
C10—C11 stretching (which can couple with the 18 and
the C12-H bendings) to this Raman mode. Upon the 15-d and
15-d substitutions, a part of this 1161 cthRaman line seems
to upshift to 1233 and 1236 crh respectively, and the
remaining component splits into two components (1166 and
,115,4 cn® and 1,168, and 1158 crh, respectwel}/). This which the C16-C11 and C14-C15 stretchings are coupled with
indicates the contribution of the C+£15 and the C14-C15 each other, because it substantially upshifts upon the 10-d (8
str'etchmgs_ as_well_; S|m|lar spectral changes upon the 15_-d andcm—l), 12-d (8 cml), 14-d (6 cm?) and 15-d (6 cm)
15-(_1 substitutions indicate tha_tthg atomic displacements in this substitutions, but hardly affected by the 't# and 15d
particular mode are symmetric with respect to the €33 substitutions. The medium 1112 ciRaman line on the
bond. (5) The gtrong 1OQ4 cthaman. line can be aSS|glned tq shoulder that upshifts upon the 12-d, 14-d, 15-dd,%nd 14-d
the m_ethyl rocking vibration based on its frequency and intensity ¢ pstitutions (6, 24, 7, 10, 3, and 16 Threspectively) can be
referring to the cases of afans,3-carotené®#’and alltrans assigned to a delocalized coupled mode extending the entire
retinal®® (6) The 959 cm* Raman line can be assigned t0 @ ggjion from the C16-C11 to the C14-C15 bond. (5)(6) The
C—H wagging vibrations coupled with the=€C torsion. 1006 cn? and the 944 cm* Raman lines can be assigned to
Assignments of TRaman Lines(1) The strongest Raman the methyl ip rocking and the €H wagging vibrations,
line at 1500 cm?! can be assigned to the=€C stretchings respectively, as in the case of thg Sate.
localized on the C1#C12 and C13-C14 bonds. It shifts to (b) 15-cis-Spheroidene Bound to the FE@yure 3 shows the
1491 cm® upon both the 10-d and 12-d substitutions, a fact Raman spectra of 16is-spheroidene bound to the RC in both
which indicates the contribution of the G¥C12 stretching. the § and T, states. Table 1b summarizes a set of empiri-
The downshifts of this Raman line upon the 14-d and 15-d cal assignments, the details of which will be described be-
substitutions {8 and—2 cn?) are larger than those upon the low. Assignment of the ¢SRaman lines.(1) The strongest
14-d and 15d substitutions{4 and—1 cn%), a fact which Raman profile above 1530 crhcan be regarded as an overlap
indicates a contribution of the C£814 stretching rather than  of two components: One at 1534 cinis a coupled mode of
that of the C13=C14 stretching. (2) The 1450 crd Raman the C1EC12, C13=C14 and C13=C14 stretchings that

line on the shoulder and the weak 1352 ¢rRaman line can

be assigned to the methyl asymmetric and symmetric deforma-
tions, respectively. (3) A Raman line at 1268 ¢ntan be
associated with the-€H ip bendings. Apparent changes in the
Raman line upon the 10-d and 12-d substitutions suggest the
contributions of the C16H and C12-H bendings. (4) The
strong 1165 cm! Raman line can be assigned to a vibration in
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downshift upon the 12-d, 14-d and'dd substitutions to 1520, Sets of assignments for various deuterio spheroidenes of the
1528 and 1530 cmi, respectively, because of decoupling from S and T, Raman lines for the all-trans isomer mhexane

the C12-H, C14-H and C14-H bendings. The other at 1532  solution and the 15-cis isomer bound to the RC have also been
cm1is the C15=C135 stretching that downshifts upon the 15- obtained (data not shown).

d, 18-d and 15,15d, substitutions to as low as 1517, 1515 Normal-Coordinate Analyses.(a) All-trans-Spheroidenes in
and 1500 cm? because of decoupling from the C18 and Solution. Determination of Force Constants in thea®d T;
C15-H bendings. (2) The 1445 crh Raman line can be  States.The S-state force constants were determined as fol-
assigned to the methyl asymmetric deformation as in the caselows: A set of force constants determined by Saito and T&§umi
of do all-trans-spheroidene. (3) The weak 1288 chRaman for all-trans3-carotene was initially transferred (force constants
line which is not so affected by all the present deuterium in the peripheral parts were transferred from other molecules).
substitutions can be temporarily associated with the-€41  Then, most of the UBS force constants and non-UBS cross terms
and C11—H bendings (no 11-d or 14 spheroidenes are now  were adjusted to fit the frequencies and the empirical assign-
available). The medium Raman line at 1239 ¢éntan be ments of the observed Raman lines of all theadd deuterio
assigned to the key Raman line of the 15-cis configuration that spheroidenes. The fixed and adjusted force constants are shown
has been identified i-carotené®4” and other carotenoids. in Table 2 in Roman and italic, respectively. No attempts were
It is due to the C15H and C15—H ip bendings coupled with  made either to fit the frequencies of the methyl deformations
the C15=C15 stretching in the 15-cis configuration. Itis almost and rockings or to fit those of the-€D bendings. The { matrix
unaffected by the 12-d, 14-d and '4dl substitutions, but  showing the replacements of atoms was used to choose those
substantially decreased in intensity upon the 15-d;dl&nd normal modes which are supposed to give rise to resonance-
15,18-d; substitutions (the remaining component may be due Raman intensity; in particular, extended skeletal modes taking
to another normal mode). (4) A pair of weak Raman lines at place in the central part of the conjugated chain were selected
1212 and 1190 crt can be assigned to the C1Z13 and the as strongly-Raman active modes. The number of observed
C8—C9 stretchings as in the case qf al-trans-spheroidene. Raman lines used for fitting was 71, whereas the number of

One of the medium Raman lines at 1168 @mwhich is force constants determined was 57.

unaffected by the 12-d, 14-d, and '4d substitutions but In the T, state, only the C&C10, C16-C11, C1+:=C12,
disappears upon the 15-d and 15;d5 substitutions, can be  C12—C13, C13=C14, C14-C15, C15=C15, and C14—C15
assigned to the C4C15 stretching coupled with the C1% stretching force constants and the relevant stretching-stretching
bending. The other medium Raman line at 1159 &mvhich and bending-bending cross terms were adjusted because of the

disappears upon the 12-d substitution and remains unaffectedimited number of deuterio species and observed Raman lines.
upon other deuterium substitutions, can be assigned to theThe rest of the force constants was assumed to be the same as
C10—C11 stretching. (5)(6) The 1001 cthRaman line can be  those in the $state. Here again, the adjustment of those force
assigned to the methyl ip rockings, whereas the 973 and 954constants was performed to fit the calculated frequencies and
cm~! Raman lines to the €H waggings. Raman-active normal modes to the observed frequencies and
Assignments of {TRaman lines(1) A pair of strong Raman  the empirical assignments for all thg and deuterio spheroi-
lines appear in the €C stretching region: The 1526 crh denes.
Raman line, which disappears upon the 12-d substitution but Table 2 lists the §and T, force constants which have been
remains with reduced intensity in other deuterium substitutions, determined as the results of the above normal-coordinate
can be assigned to the GEC12 stretching coupled with the  analysis (shown in italic). Figure 4 compares the observed and
C12—H deformation. The other 1505 crhRaman line which the calculated frequencies fof dnd various deuterio attans
downshifts by 13 and 8 cnm upon the 14-d and 15-d sub- spheroidenes. Agreement between the observed and the calcu-
stitutions can be associated with the €4314 and C15C15 lated frequencies are satisfactory in both theaBd T, states
stretchings coupled with the relevant—€l bendings. The with the exception of those of the <€D bendings whose
contribution of the C13-C14 stretching and the C3H bending frequencies were not adjusted at all (below around 950%m
may be the strongest. (2)(3) None of the methyl deformation Thus, the GC and the G-C stretching force constants
and the CG-H bending modes appear in the spectrum. (4) determined are considered to be reliable enough to use as a scale
Another pair of strong Raman lines appears in theCC of the carbonr-carbon bond orders (vide infra).
stretching region: The 1182 cthRaman line, which disappears Normal Modes in the Sand T, States.Table 3a lists the
upon the 12-d substitution but remains in a similar frequency calculated frequencies and the normal modes goélitrans
region upon other substitutions (as a higher-frequency compo-spheroidene in solution in both theg 8nd T; states. (Those of
nent) can be assigned to the G011 stretching. The 1156  various deuterio altrans-spheroidenes are shown in Table 1S
cm~! Raman line, which disappears upon the 15-d and 15,15 of “Supporting Information available”.) Each normal mode has
dz substitutions but remains unaffected by other deuterations, been characterized in the table by referring to both the potential
can be assigned to the C+€15 stretching. energy distribution (p.e.d.) and the matrix. The empirical
Unique features of the;TRaman spectrum of the RC-bound  assignments based on the apparent changes in the spectral pattern
15-<cis-spheroidene is the enormous intensity enhancement ofupon various deuterations (Table 1a) are now confirmed, in
the methyl rocking and the-€H wagging Raman lines as well ~ general, and the normal modes have been more specifically
as the disappearance of the methyl deformation and thel C ~ determined by the present normal-coordinate analysis.
bending Raman lines. This strongly suggests a substantial Close examination of Table 3a reveals that the normal modes
twisting of the conjugated chain upon thg ¥ T; transition. in the § state tend to be symmetric with respect to the
The disappearance of the key Raman line of the 15-cis C15=C15 bond, whereas those in the, Btate tend to be
configuration at 1239 cnt and the appearance of a weak feature localized on the left-hand-side of the molecule shown in Figure
around 1335 cmt suggest the presence of substantial twisting 1a: In the g state, the 1445 cnmt Raman line is assigned to
around the C15C15 bond upon triplet excitation of the RC-  the 13Me and 13/e asymmetric deformations, and the 1004
bound spheroidene (vide infra). cm~! Raman line to the 13Me and "Me rockings; each pair
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TABLE 2: Sy and T; Force Constants for All-trans-Spheroidene inn-Hexane Solution

Mukai-Kuroda et al.

S Ty S T1 S T1
Urey—Bradley—Shimanouchi (UBS) force constafts

K(Dy—C) 3.50 K(14—15) 4.32 437 WHCC3=C) 0.335
K(2—3) 3.80 K(15=15) 5.72 5.60 WHCC4=C) 0.335
K(3=4) 6.70 K14—15) 4.32 438 WHCC6=C) 0.335
K(4—5) 3.90 K(13=14) 6.00 WHCC7=C) 0.335
K(5=6) 6.60 K12-13) 4.32 WHCC8=C) 0.335
K(6—7) 3.90 K11=12) 6.11 WHCC1G6=C) 0.33
K(7=8) 6.50 K10—11) 4.00 WHCC11E=C) 0.27
K(8—9) 3.95 K9'=10) 6.35 WHCC12=C) 0.33
K(9=10) 6.35 6.00 K8—9) 3.80 WHCC14=C) 0.335
K(10—11) 4.31 432 KC—Me) 2.70 W(HCC15=C) 0.255
K(11=12) 6.06 545 K=CH)o 4.50 W(HCC18=C) 0.255
K(12—13) 4.32 459 K—CH)me 4.27 W(HCC14=C) 0.335
K(13=14) 5.95 530 K—CH) met 4.20 WHCC12=C) 0.33

W(HCC11=C) 0.27
H(C—C=C) 0.24 F(C—C=C) 0.34 W(HCC10=C) 0.33
H(C—C—C) 0.23 F(C—C—C) 0.40 W(MeCGC=C) 0.335
H(C=C—H) 0.205 RC=C—H) 0.48
H(C—C—H) o° 0.20 F(C—C—H) o 0.41 T(C=C) 0.49 0.462
H(C—C—H) m¢! 0.24 F(C—C—H) me 0.55 T(C-C) 0.09
H(H—C—H) me 0.36 F(H—C—H) me 0.195 TC—Me) 0.047
H(Dy—C—C) 0.20 HDy—C—C) 0.40
H(Dy—C—H) 0.19 HDy—C—H) 0.40
H(C—C—H) met 0.19 HC—C—H) met 0.40 Kk me —0.04
H(H—C—H) met 0.40 HH—C—H) met 0.10 k met —0.04

non-UBS force constarfts

k(3=4)(5=6) —0.45 K14—15)(12—13) —-0.10 0.50 KC=C)(C—C)long' 0.03 0.04
k(5=6)(7=8) —0.45 KDy—C)(C—C) —0.15 KC=C)(C—Me) 0.30
k(7=8)(9=10) —0.45 K2—3)(3=4) 0.27 KC=C)(13—Me) 0.20
k(9=10)(1¥=12) —-0.79 —0.50 K3=4)(4-5) 0.27 KC=C)(13—Me) 0.20
k(11=12)(13=14) -0.79 —-0.70 K4—5)(5=6) 0.27 KC—C)(C—Me) 0.20
k(13=14)(15=15) —-0.75 —-0.70 K5=6)(6—7) 0.27 KC—C)(13—Me) 0.10
k(15=15)(13=14) —-0.75 —0.60 K6—7)(7=8) 0.27 KC—C)(13—Me) 0.10
k(13=14)(11=12) -0.50 —0.47 K7=8)(8—9) 0.27
k(11=12)(9'=10) —0.50 —0.47 K8—9)(9=10) 0.30 0.38 [fH—C=C)(C=C—H) 0.07
k(2—3)(4—5) —0.15 k(9=10)(10-11) 0.30 0.38 [fH—C11=C12)(C1¥=C12—H) 0.076 —0.015
k(4—5)(6—7) -0.15 k(10—11)(1=12) 0.30 0.38 [fH—C15=C15)(C15=C15—H) 0.05 0.11
k(6—7)(8—9) —0.15 k(11=12)(12-13) 0.30 0.28 [H—C11=C12)(C11=C12—H) 0.065 0.048
k(8—9)(10—11) —0.02 —-0.18 K12—13)(13=14) 0.30 0.28 [H—C—C)(C—C—H) 0.09
k(10—11)(12-13) —0.02 —0.18 K13=14)(14-15) 0.13 0.28 [H—C10—C11)(C16-C11—H) 0.09 0.16
k(12—13)(14—15) —0.02 0.15 Kl4—15)(15=15) 0.13 0.00 [KH—C14—C15)(C14-C15—H) 0.085 —0.03
k(14—15)(14—15) —0.15 0.10 KL5=15)(14—15) 0.13 0.00 KH—C14—C15)(C14—C15—H) 0.085 0.03
k(14—15)(12—13) —0.04 —0.10 K14—15)(13=14) 013 0.00 KH—C10—C11)(C10—C1r—H)  0.11 0.09
k(12—13)(10—11) -0.04 —0.10 K13=14)(12—13) 0.42 0.52 H—C=C)(C=C—Me) 0.03 0.0
k(10—11)(8—9) —0.04 -0.10 K12—13)(11=12) 0.42 0.52
k(10—11)(14-15) 0.08 0.35 KLI'=12)(10—11) 0.42 0.52 WC=C) trans —0.005
k(14—15)(10—11) 0.00 -—0.15 K10—11)(9=10) 0.42 0.52 WC-C)trans 0.005
k(12—13)(14—15) —0.10 0.00 KI'=10)(8—9) 0.42 0.52

aUBS force constants are abbreviated as follows:stretching;H, bending;F, nonbonded repulsioW, out-of-plane waggingT, torsion; and
«, intramolecular resistant force. The units of force constants ardmdor K, H, F, andk, and mdA for WandT. ®Non-UBS cross terms include
k, stretching-stretchingh, bending-bending; and/, wagging-wagging. The units are A1 for k, and mdA for h andw. 4¢Subscript “0”
stands for the olefinic part, whereas subscripts “me” and “met” stand for the methyl and methylene parts, resp8etbselipt “long” indicate
long-range interaction with the next neighbor. Force constants shown in Roman were transferred or assumed, and those shown in italic were
determined in the present investigation. Each blank in the column of terde constants indicates that the particularfdrce constant was
assumed to be the same as thddBce constant.

of modes taking place on both the left-hand-side and the right- the C15—H ip bendings. Here agairG; symmetry is clearly
hand-side is coupled in-phase with each other. In thetate, seen. In the Tstate, on the other hand, the 1500 ¢rRRaman
on the other hand, the 1450 chiRaman line is assigned to the line is mainly due to the CEC14 stretching and the 1165
13Me asymmetric deformation and the 1006-érRaman line cm~1 Raman line is due to the C+C11 and the C14C15
to the 9Me and 13Me rockings, both taking place on the left- stretchings. Both normal modes are taking place on the left-
hand-side. hand-side of the CE5C15 bond. This type of difference in
Figure 5a shows the displacements of atoms in ts&@nd normal modes reflect changes in the stretching force constants
C—C stretching modes giving rise to high Raman intensities; (bond orders) upon triplet excitation, the details of which will
it supports the above idea. In the State, the 1529 cni be discussed later.
Raman line is due to the C£LC12, C13=C14, C13=C14 and (b) 15-cis-Spheroidene Bound to the RC. Twisting of the
C11=C12 stretchings coupled in-phase. Almost compl€te Conjugated Backbone in thep &ind T; States.In a pre-
symmetry is seen even for the couplede-8 ip bendings. The vious investigation, we compared thg Baman spectrum of
1161 cnt! Raman line is due to the C4C15 and the the RC-bound 1%&is-spheroidene to that of 1&is-spheroidene
C14—C185 stretchings that are coupled with the G138 and free in n-hexane solution (see Figure 1 of ref 23). The weak



Molecular Structure upon Triplet Excitation

Sg T
dy dy
.
i : 5
1ol Rk 1y : I
10-d 10-d
a
1]
if 3 | ||
1k ] i ! I
12-d 12-d
!
’ |4 | | I |
J Lpae L 10} : 1
14-d 14-d
1 I
' IH EoL] 4 I|
1 1d1 % : !
14'd 14'd
| i I :H bl ! | |
15-d 15-d
.
!
= | a |
| R T : 1 p I
15'd 15'-d
1 1] ]
|| .l Ea |l ||
l Il - o :
15,15%d, 15,15'd,
| : :| |
o | I
o 11”” ” 11
1 1 1 1 1 1 1 ! 1 1
1500

1 1
1500 1000
Raman Shift / cm™ 1000 Raman Shift / cm™'

Figure 4. Comparison of observed and calculated frequencies for the
S and T, Raman lines of gland various deuterio atfans-spheroidenes
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normal-coordinate calculations showed that the twisting around
the C15=C15 bond causes decoupling of a pair of the €15

and the C15-H ip bendings from the CE5C15 stretching,
which naturally causes increase in frequency and decrease in
intensity. (i) The $ Raman line at 954 cm with medium
Raman intensity, which has been assigned to the-¢1and
C15—H waggings coupled with the C£8C15 torsion, trans-
forms into the T Raman line at 935 cnt showing enormously
high Raman intensity. This enhancement of the particular mode
was ascribed to substantial twisting around the €C85
bond?® Test normal-coordinate calculations showed that the
twisting of the C15C15 bond (~45°) causes substantial
decrease in the above coupling, and as a result, low-frequency-
shift of the particular mode. Further, the test calculations showed
that the twisting around the C£815 bond caused coupling

of those “op” wagging mode with the “ip” type modes (the
C13—Me and the C13-Me stretching and the C+4C15=C15

and the C15C15—C14 bendings) to enhance the Raman
intensity. (2) Twisting around the C£C12 bond: (i) In the

S state, the C14C15 and the C18C11 stretchings appear at
1168 and 1159 cmi, whereas in the Tstate, they appear at
1156 and 1182 cm, respectively, with reversed order in
frequency. Test normal-coordinate calculations indicated that
the twisting around the C¥C12 bond {30°) causes decou-
pling among the ip vibrations including the CC11 stretching
and the C1+H and C12-H bendings, and as a result, the high-
frequency-shift of the particular stretching vibration. (ii) Upon
the 15-d substitution of the RC-bound &i-spheroidene in the

T, state, the 935 cmt Raman line due to the CtH and
C15—H waggings coupled with the C#8C15 torsion disap-
pears from this region. Then, two Raman lines appears in this
region; one at 949 cm, the C1+H and C12-H waggings
coupled with the C1%C12 torsion, and the other at 921 tin

the C15-D bending. The considerably high intensity of the
former Raman line supports the twisting around the€C12
bond. (3) Twisting around the C£314 bond: (i) A pair of
clearly-split Raman lines in the=€C stretching region is seen

in the T; spectrum of the RC-bound spheroidene; one at 1526
cm1 which has been assigned to the €&X112 and the

in n-hexane solution. The observed Raman lines are roughly classified C11=C12 stretchings and the other at 1505 <mwhich has
into four groups in intensity (very strong, strong, medium, and weak), heen assigned to the C*&14 stretching. Test calculations

and the observed and the calculated frequencies are shown in solid

and broken Raman lines, respectively.

958 cnt! Raman line in solution downshifted slightly and
strongly enhanced upon binding to the RC to form the medium

showed that the frequency of the latter mode downshifts when
the C13=C14 bond is twisted~+30°). Therefore, the widely

split C=C stretching Raman lines indicate the twisting around
the C13=C14 bond. It is also to be emphasized that such low

954 cnr't Raman line. The intensity enhancement was regarded Teduency of the C18C14 stretching mode could never be

as an indication of twisting around the G*£15 bond?3
Because the assignment of the Raman line to the-¢iL&nd
C15—H waggings coupled with the C£8C15 torsion is now

explained in terms of a stretching force constant when the value
was similar to that determined for alansspheroidene.

Taking into account all the results of the above test calcula-

established in the present normal-coordinate analysis, andtions, we estimated the twisting angles around the=€155,
because test calculations showed that twisting causes theC13=C14, and C1#C12 bonds to bet45°, —30°, +30°,

downshift of the particular Raman line, we temporarily estimated
the twisting angle around the CE35 bond to be 30.
As mentioned in a previous section, theRaman spectrum

respectively, in the case of the RC-bound ci&spheroidene
in the Ty state. [We found that a model with the rotational angles
(+45°, +30°, +30°) also explains the observed Raman data, a

of the RC-bound 1%is-spheroidene has suggested substantial fact which indicates that decoupling of local vibrations on both
twistings of the conjugated chain. The empirical and normal- sides of a particular twisted double bond is relevant to the
coordinate analysis of the Raman spectrum shown in Figure 3spectral changes.] Those signs were chosen to minimize the
as well as test calculations to elucidate the effects of twisting change in the overall structure of the conjugated backbone and
around each €C bond on the normal frequencies lead us to to fit the spheroidene molecule to the binding pocket (vide
the following conclusions: (1) Twisting around the G2615 infra). The frequencies, the intensities and the normal modes
bond: (i) The key Raman line of the 15-cis configuration at of the relevant Raman lines do indicate the twisting around the
1239 cntlin the $ state disappeared from this spectral region C15=C15, C13=C14, and C1%C12 bonds, but the twisting
and shifted to as high as 1335 chin the T state (the latter ~ angles themselves are just a rough estimation that should not
Raman line is more clearly seen in Figure 2 of ref 23). A set of be taken too seriously.
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TABLE 3: Frequencies of § and T; Raman Lines and Frequencies and Normal Modes Calculated by Normal-Coordinate
Analysis for (a) dy All-trans-Spheroidene inn-Hexane Solution and (b) @ 15-cis-Spheroidene Bound to the RC

@) S state T state
obs calc assignment obs calc assignment
1529 1530 C1#C12, C13=C14, C13=C14, C11=C12 str 1500 1500 C13C14, C1+=C12 str
1445 1447 13Me, I81e asym def 1450 1441 13Me asym def
1391 1396 13Me, I81e sym def
1312 1310 C12-H, C12—H bend 1352 1366 13Me sym def
1293 1293 C11t-H bend
1281 1272 C1%+H bend 1268 1271 C16H, C12—H bend
1210 1204 C12-C13 str, C14-H bend
C12—C13 str, C14—H bend
1191 1193 C8C9 str 1165 1165 CHC15, C16-C11 str
C10—H, C11—H bend
1161 1161 C14C15, C14—C15 str 1112 1124 C16C11, C14-C15, C10—C17 str
1154 C16-C11 str
1004 1006 13Me, 181e rock 1006 1005 13Me, 9Me rock
959 960 C15H, C15—H wag, C15=C15 tor 944 945 C15H, C15—H wag, C15=C15 tor
(b) S state T state
obs calc assignment obs calc assignment
1534 1535 C13C14, C1+C12, C13=C14, C11=C12Z str 1526 1526 CI1%C12, C11=C12Z str
(1532) 1532 C15C18 str 1505 1505 C13C14, C12-C13 str
1445 1447 13Me, 181e asym def
1288 1296 C1%tH bend
1276 C11-H bend
1239 1236 C15H, C15—H bend, C15-C15 str (1335) 1343 C12C13, C12—C13 str
1212 1202 C12-C13, C12—C13 str C15-H, C15—H bend
C14—H, C14—H bend
1190 1192 C8-C9 str, C16-H bend
1168 1167 C14C15 str 1182 1182 C16C11 str
1159 1158 C16-C11 str 1156 1156 CHC15 str
1001 1005 13Me, I81e rock 1008 1008 13Me, 9Me rock
973 965 CltH, C12-H wag, C1¥+C12 tor
954 953 C15H, C15—H wag, C15=C15 tor 935 935 C15H, C15—H wag, C15=C15 tor
Determination of Force Constants and Normal ModEise RC-bound ¢ and deuterio 1®is-spheroidenes in both they S
So-state force constants for the RC-boundcd$spheroidene and T, states, which proves the reliability of the set of force
were determined by the use of a model whose=€C45 cis constants determined in the present normal-coordinate analysis.

bond is twisted by 30 Then, normal-coordinate analysis was The C=C and the €-C stretching force constants will be used
started by the use of force constants determined by Saito andas a scale in the discussion of changes in bond orders upon
Tasumi for 15eis-3-carotene (for the central patt)and those triplet excitation.
determined for allrans-spheroidene (the peripheral part). The  Figure 5b characterizes the<C and the G-C stretchings
number of independent force constants adjusted and the numbejn the § and T; states of 15is-spheroidene. In addition to the
of observed Raman lines used for fitting were 37 and 55, |ow-frequency-shift of the former and the high-frequency-shift
respectively. of the latter in general, the following changes are seen upon
In the T, state, the C16C11, C1¥C12, C12-C13, triplet excitation. The C1#%C12, C13=C14, C13=C14, and
C13=C14, C14-C15, C15=C13, and C13=C14 stretching C11=C12 stretchings (1534 cm) is overlapped with the
force constants and the relevant cross terms alone were adjustedz15=C15 stretching (1532 crrf) to form a closely overlapped
assuming the twisting angles ##5°, —30°, and+30° around Raman line in the $state, whereas the low-frequency-shift of
the C15=C13, C13=C14, and C1#C12 bonds. The rest of  the C13=C14 stretching (due to twisting around the G314
the force constants were assumed to be the same as thospond) results in a pair of widely split Raman lines in the T
determined in the Sstate. As an initial guess, the above state (1526 and 1505 cr). On the other hand, the C+£15
stretching force constants that were determined;iallftrans stretching (1168 cm) and the C16-C11 stretching (1159
spheroidene in solution were transferred. Then, those force cm~2) form slightly split lines in the §state, whereas a drastic
constants were adjusted to realize the observed Raman frequenhigh-frequency-shift of the latter (due to the twisting around
cies and the empirical assignments for all the RC-bowshd  the C11#=C12 bond) causes a pair of widely split lines in the
deuterio 15eis-spheroidenes in the;Btate. reversed order, i.e., the CHT11 stretching (1182 cm) and
The results of normal-coordinate analysis for theaSd T, the C14-C15 stretching (1156 cnd) in the T; state. Those
states of 15%is-spheroidene bound to the RC can be summarized calculated frequencies and normal modes nicely reflect the
as follows: Table 4 lists thegSand T, force constants deter-  twistings of the conjugated backbone around the=@.34 and
mined in the above normal-coordinate analysis (shown in italic). C11=C12 bonds.
Table 3b lists the calculated frequencies and the normal modes
for the d) species, which compare well to the observed Raman piscussion
frequencies and the empirical assignments listed in Table 1b.
(The calculated frequencies and the normal modes of various Sp- and T3-State Bond Orders in the Conjugated Chain
deuterio 15eis-spheroidenes are given in Table 2S of “Sup- As Probed by Stretching Force Constants.(a) All-trans-
porting Information available”.) Figure 6 depicts a comparison Spheroidene in Solutiofrigure 7a depicts the=€C and C-C
between the observed and the calculated frequencies for all thestretching force constants in thg &1d T, states which have
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Figure 5. Comparison of normal modes among the promineriCC
and C-C stretching Raman lines in they 8nd T, states for (a) ¢
all-trans-spheroidene im-hexane solution and (b)d5-cis-spheroidene
bound to the RC.

been determined for attans-spheroidene free im-hexane
solution. Open circles indicate force constants in thestate,
whereas closed circles indicate those in thesthte. Now, we
are going to discuss the carbecarbon bond orders in the
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order of the G-C bond exhibits a maximum around the
C14—C15 and C14-C15 bonds. The symmetric changes in
both carbor-carbon bond orders, with respect not to the center
of the conjugated chain but to the G615 bond, obviously
reflect the electronic structure influenced by the pair of methyl
groups attached to the C13 and CXibsitions. Figure 8
compares, between alansspheroidene and attansg-
carotene, the dependence of tH€ chemical shift on the
position of each carbon atom in the C21:-C121 region. If

we simply assume that those chemical-shift values reflect the
electron densities on those carbon atoms, it can be concluded
that the electronic structure in the particular region still reflects
the symmetric influence of the pair of the 13 and t&thyl
groups even in the case of the asymmetric carotenoidkeads-
spheroidene, although it is not as perfect as the case of the
symmetric carotenoid, atrans(-carotene. The shift of the
center of the conjugated chain to the C12 and C13 atoms is
also reflected as the asymmetry of the chemical-shift pattern
with respect to the C15 and C1&toms.

In the T, state, on the other hand, the bond order of the
C13=C14 bond is the lowest among all the=C bonds,
whereas that of the C+2C13 bond is the highest among the
C—C bonds. Both the €C and C-C bond orders tend to
systematically change toward both terminals with respect to the
center of the conjugated chain, i.e., the €123 bond. If we
focus our attention to changes in bond order upon triplet
excitation, decrease in the=C bond order is in the order,
C13=C14> C11=C12> C9=C10> C15=C15, and increase
in the C-C bond order is the largest in the C1213 bond.
Those changes in bond orders are in good accord with the idea
of “the triplet-excited region” we proposed previously (see refs
28, 31, and 49 for reviews). The triplet-excited region has been
defined as a region where largest changes in bond order take
place upon triplet excitation, i.e., double bonds become single
bond-like, whereas single bonds become double bond-like. It
has a span of approximately six conjugated double bonds, it is
localized in the central part of a conjugated chain, and it triggers
cis-to-trans isomerization in the, Btate. It has been shown, in
the present investigation, that the triplet-excited region is located
in the center of the conjugated chain even in an asymmetric
carotenoid, allrans-spheroidene.

(b) 15-cis-Spheroidene Bound to the R&gure 7b shows
the G=C and C-C stretching force constants in the &d T,
states that have been determined for the RC-boundist5-
spheroidene. Again, we are going to use the stretching force
constants as a scale of bond orders. In thest8te, the bond
order of the C15C15 bond is the lowest among all the=€C
bonds, whereas the bond orders of the €CA45 and the
C14—C15 bonds are highest among all the—C bonds.
Approximately symmetric changes with respect to the
C15=C15 bond toward both ends of the conjugated chain are
seen as in the case of atkns-spheroidene in solution. In the
T, state, on the other hand, the lowest bond order is seen for
the C13=C14 bond among all the=€C bonds, and the highest

central part by the use of the set of stretching force constantsbond order is seen for the CXZ13 bond among the €C

as a scale. Before starting discussion, the unique chemicalbonds. Upon triplet excitation, decrease in tre@bond order
structure of the spheroidene molecule should be pointed outis in the order, C13C14 > C11=C12 > C15=C15 (the
(see Figure 1a); the center of the entire carbon skeleton is locatedC9=C10 stretching force constant could not be determined in
on the C15=C153 bond, whereas the center of the conjugated this case), whereas increase in the-© bond order is in the

chain on the C12C13 bond.
In the § state, the bond order of the CGE&15 bond is the

lowest among all the €C bonds, and the bond order of

order, C12-C13 > C10—C11 > C14—C15. The magnitudes
of changes in bond order upon triplet excitation in the RC-bound
15<cis-spheroidene tend to be larger than those intralts

neighboring bond increases toward both ends symmetrically with spheroidene in solution, although the patterns of changes are
respect to the CE5C15 bond. On the other hand, the bond very similar to each other.
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TABLE 4: Sy and T, Force Constants for 15eis-Spheroidene Bound to the R@

S T1 S T1 S T
Urey—Bradley-Shimanouchi (UBS) force constants

K(Dy—C) 3.50 K(14—15) 466 483 WHCC3=C) 0.335
K(2—3) 3.80 K(15=15) 6.01 5.63 WHCC4=C) 0.335
K(3=4) 6.70 K(14—15) 4.63 WHCC6=C) 0.335
K(4—5) 3.90 K(13=14) 6.24 6.10 WHCC7=C) 0.335
K(5=6) 6.60 K(12—13) 4.39 WHCC8=C) 0.335
K(6—7) 3.90 K(11=12) 6.29 WHCC16=C) 0.33
K(7=8) 6.50 K(10—17) 4.00 W(HCC1EC) 0.27 0.246
K(8—9) 4.00 K9'=10) 6.35 W (HCC12=C) 0.33 0.306
K(9=10) 6.35 KE8'—9) 3.80 W (HCC14=C) 0.335
K(10—11) 4.36 472 KC—Me) 2.70 W (HCC15=C) 0.255
K(11=12) 6.23 5.64 K=CH)o 4.50 W (HCC158=C) 0.255
K(12—13) 4.43 486 K—CH)me 4.27 W (HCC14=C) 0.335
K(13=14) 6.20 5.47 K—CH)met 4.20 W (HCC12=C) 0.33

W (HCC11=C) 0.27
H(C—C=C) 0.24 F(C—C=C) 0.34 W (HCC10=C) 0.33
H(C—C—C) 0.23 F(C—C-C) 0.40 W (MeCC=C) 0.335
H(C=C—H) 0.205 F(C=C—H) 0.48
H(C—C—H) o 0.20 F(C—C—H)o 0.41 T(C=C) 0.485 0.458
H(C—C—H) me 0.24 F(C—C—H) me 0.55 T(C—C) 0.09
H(H—C—H) me 0.36 F(H—C—H) me 0.195 T(C—Me) 0.047
H(Dy—C—C) 0.20 F(Dy—C—C) 0.40
H(Dy—C—H) 0.19 F(Dy—C—H) 0.40
H(C—C—H) met 0.19 F(C—C—H) met 0.40 Kk me —0.04
H(H—C—H) met 0.40 F(H—C—H) met 0.10 K met —0.04

non-UBS force constants

k(3=4)(5=6) —0.45 k(4—5)(5=6) 0.39 KC—C)(13—Me) 0.20
k(5=6)(7=8) —0.45 k(5=6)(6—7) 0.39 KC—C)(13—Me) 0.20
k(7=8)(9=10) —0.45 k(6—7)(7=8) 0.39
k(9=10)(1=12) —-0.48 —0.30 K7=8)(8—9) 0.39 HH—C=C)(C=C—H) 0.07
k(11=12)(13=14) —0.48 K8—9)(9=10) 0.40 0.10 KH—C11=C12)(C1E¥C12—H) 0.026 0.03
k(13=14)(15=15) —0.34 —0.48 K9=10)(10—11) 0.40 0.10 KH—C15=C15)(C15=C15—H) 0.09
k(15=15)(13=14) -0.34 —0.40 K10—11)(1=12) 040 010 (H—C11r=C12)(C1r=C12—H)  0.05
k(13=14)(11=12) -0.38 —0.37 K11=12)(12-13) 0.40 0.44 KH—C—C)(C—C—H) 0.09
k(11=12)(9'=10) —0.38 —0.37 K12—13)(13=14) 0.40 0.44 [H—C10—C11)(C16-C11—H) 0.10
k(2—3)(4—5) —0.15 k(13=14)(14-15) 0.41 0.44 [(H—C14—C15)(C14-C15-H) 0.05 0.055
k(4—5)(6—7) —0.15 k(14—15)(15=15) 0.41 0.35 [H—C14—C15)(C14—C15—H) 0.051
k(6—7)(8—9) —0.15 k(15=15)(14—15) 041 0.35 [H—C10—C11)(C10—C11I—H) 0.12
k(8—9)(10—11) —0.07 K14—15)(13=14) 041 0.35 [H—C=C)(C=C—Me) 0.09 0.08
k(10—11)(12-13) —-0.07 K13=14)(12—13) 049  0.60
k(12—13)(14-15) -0.07 -0.10 K12—13)(11=12) 0.49 0.60 kk14—15)(15=15—H) 0.006  0.10
k(14—15)(14—15) 0.00 0.01 KLI'=12)(10—11) 0.49 0.60 k(14—15)(15=15—H) 0.07 0.22
k(14—15)(12—13) —0.15 K10—11)(9=10) 049 0.60 kf14—15)(18=15—H) 0.074  0.20
k(12—13)(10—17) -0.15 K9'=10)(8'—9) 0.49 0.60 kll4—15)(13=14—H) 0.005 -0.10
k(10—11)(8—9) —0.15 KC=C)(C—C(Me))long 0.07 0.11
k(10—11)(14—-15) —-0.05 -0.10 KC=C)(C—Me) 0.20 w(C=C) trans —0.005
k(Dy—C)(C—C) -0.15 k(C=C)(13—Me) 0.20 w(C—C) trans 0.005
k(2—3)(3=4) 0.39 KC=C)(13—Me) 0.20 0.30 wC=C)cis —0.063
k(3=4)(4—5) 0.39 KC—C)(C—Me) 0.20

a See the foot notes of Table 2.

If one assumes a linear relation between the carfmambon

have been identified in the;Tstate, whereas twisting around

bond length and the stretching force constant, a change of 1the C15=C15 bond alone by 30has been found in the,State.

md-A~1in force constant corresponds to a change of 0.064 A The above structural changes in the RC upon triplet excitation
in bond length. Then, increase in the bond length of the must originate from the binding pocket of the apo-protein and
C13=C14 bond upon triplet excitation, for example, can be the intrinsic T-state properties of the chromophore, spheroidene.

estimated to be 0.04 and 0.05 A in &lns-spheroidene im-
hexane solution and 1&s-spheroidene in the RC, respectively.
Rotational Motions around the C15~=C15, C13=C14, and

C11=C12 Bonds As a Mechanism of Triplet-Energy Dis-

Actually, close examination of the X-ray structures of the RC-
bound 15eis-spheroidene (in theyState) and the binding pocket
revealed that the left-hand-side of the spheroidene molecule
shown in Figure 1a is in close contact with the M subunit, the

sipation. Resonance-Raman spectroscopy and normal-coordinatemacrocycle of one of the accessory bacteriochlorophylls and
analysis of the RC-boundyénd various deuterio spheroidenes the phytyl chain of one of the special-pair bacteriochloropllis.
have provided us with structural information concerning tie T Therefore, the alternate signs of rotational angles around the
state spheroidene in the RC: (1) Large changes in bond ordercisC15=C15, transC13=C14 and trans CEC12 bonds
upon triplet excitation have been identified in the central part (+45°, —30°, +30°) must become necessary even after triplet

of the conjugated chain. The lengthenings of the €34,
Cl11=C12, and C15C15 bonds have been estimated to be
0.05, 0.04, and 0.02 A, respectively. (2) Twisting of the
conjugated chain around the CG%€15, C13=C14, and
C11=C12 bonds, by approximatehr45°, —30°, and +30°,

excitation. On the other hand, the right-hand-side of the molecule
is in weak contact with the M subunit, allowing the rotational
degree of freedom of this branch.

As an intrinsic property, 18is-spheroidene in solution rapidly
isomerizes into altrans-spheroidene upon triplet excitation, and
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Figure 7. Comparison of the carbercarbon stretching force constants
15 15-d determined in the Sstate (open circles) and the State (closed circles)
: for (a) alltransspheroidene inn-hexane solution and (b) 1&s
| ;l E [ I| spheroidene bound to the RC. Double open circles indicate those
i i i stretching force constants which were assumed and could not be
determined because of the limited number of deuterio species and/or
15,15, 15,15d, the lack of observed Raman lines due to the normal modes in the
peripheral parts. Lined open circles indicate complete overlap of the
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Figure 6. Comparison of observed and calculated frequencies for the
S and T; Raman lines of gland various deuterio 18is-spheroidenes
bound to the RC. The observed Raman lines are roughly classified
into four groups in intensity (very strong, strong, medium and weak),
and the observed and the calculated frequencies are shown in solid
and broken lines, respectively.
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therefore, it is not straightforward to apply resonance-Raman
spectroscopy to the former to elucidate itgstate structure.
However, changes in bond order, basically the same asal-
spheroidene, are expected to take place upon triplet excitation 125
to trigger the isomerization reaction, which is presumably caused - -
by the steric hindrance on the concave side of thei&bhent e 7 - VU N T A T
structure. Position of skeletal carbon atom

. Tlme_-resolved_ absorptlon Sp_ectroscopy_ has been a_pplled toFigure 8. Dependence dfC chemical shift on the position of skeletal
isomeric spheroidenes in solution to elucidate the unique T carhon atom in the central part. Open circles indicaté¥echemical
state properties of the 1&sisomer®? (1) The T — S shifts for alltrans-spheroidene and closed circles those fortralhs:
intersystem crossing takes place much fastercis-T,” (0.83 p-carotene.

us) than in “alliransTy” (4.76 us). (2) The T-state isomer-

ization from cis-T;" to “all- trans T,” takes place with efficiency  the § state. Route A: to directly intersystem cross down to
in the order, “15eis-T1" (0.56 us) > “13-cis-T1" (0.77 us) > 15-<cis-S in submicroseconds (0.83). Route B: to isomerize
“9-cis-Ty” (0.83 us) > “13'-cis-T1" (0.91 us). (3) The quantum into “all-trans-T1” in submicroseconds (0.56s), and then, to
yield of triplet-sensitized isomerization (per triplet species intersystem cross from “the resultant abnsT;” to all-trans
generated) was determined to be 15-cis (0:6Q)3-cis (0.52) S in the microsecond time scale (4.46). It is worthy of note

> 9-cis (0.50)> 13-cis (0.48). The above results show that that the time scale of — S intersystem crossing for thes-
15-<cis-spheroidene is most advantageous over all the aiber T1 species (0.8as) is in the same order as that of thestate
trans spheroidenes in dissipating the triplet energy through isomerization ofcis-spheroidenes (0.560.91 us). The result
rotation around the cis bond (see the Introduction section). The strongly supports the idea that the rotational motion around the
following excited-state dynamics is expected to take place upon C=C bond strongly enhances the-+ & intersystem crossing.
triplet excitation of 15eis-spheroidene free in solution. First, This relation can be easily understood because the rotational
decrease in the bond order of the €4515 bond should take  motion causes a change in the orbital angular momentum (the
place to reduce the barrier against isomerization. Then, “15- electronic structure of the relevant carbon atoms changes from
cis-T;" is supposed to have two routes for relaxation down to the sp to the spg type), and as a result, it causes change in the

13C Chemical shift / ppm
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spin angular momentum conserving the total angular momen- the rotational motion (toward “alirans-T1") is prohibited either
tumP® (see the Introduction section). by being buried in the binding pocket{% us) or by locking
The above considerations lead us to call Route A “a fast by the use of chemical bonds {8), the decay time constant of
process of intersystem crossing through rotational motion”, such T 15-cis-spheroidene is in a similar order of magnitude
which is an intrinsic property of the;state 15cis-spheroidene.  to that of T, all-trans-spheroidene in solution (4.%6) or bound
On the other hand, we call the latter part of Route B “a slow t0 the LH2 complex (7us). It is worthy of note that the
process of intersystem crossing in a fixed conformation”, chemically locked 1%is-spheroidene tends to decay more
because “altransT;” has no further momentum of rotational ~ Slowly (7 us) than unlocked 18is-spheroidene (45 us), and
motion to isomerize. [Fluctuation around the most stable that alltransspheroidene bound to the LH2 complex )
rotational angle(s) may facilitate the intersystem crossing decays more slowly than that free in solution (44&. Those
through the spirorbit coupling mentioned above.] Now, we  trends suggest that the rotational degree of freedom causing the
are going to apply the idea of the slow and fast processes offluctuation of rotational angles “in a fixed conformation” is an
intersystem crossing to the case of the RC-bound spheroideneimportant factor even in “the slow process of intersystem
In the case of 1Bis-spheroidene in the RC, the first part of ~roSsing™ _
Route B, i.e., complete isomerization to “aiénsTy’, is To fully under_stand_ the reason for the natural sele_ctlon of
prohibited. Raman spectroscopy has shown that the twistingsthe® 15-Cis configuration by the RC, and to establish the
around the conjugated double bonds take place not only aroundmnechanism Of trlplet-er}ergy.dlSSlpatlon, itis absoll_Jter neces-
the C15=C15 bond but also around the C£&14 and the sary to experimentally identify the fast process of intersystem
C11=C12 bonds in “the triplet-excited region”. Here, the crossing and the rotationgl motion in the submicrosgcond (or
rotational angles of-45°, —30°, +30° must be determined as  €Ven shorter) time range in the RC-boundci$spheroidene.
the above-mentioned balance between the rotational momentunf® quantitative analysis of time-dependent changes in the triplet
around the C15C15 bond (toward all-trans) vs the steric population in this time scale by EPR spectroscopy as well as
hindrance originating from the binding pocket of the apo-protein. the detgctlon of the initial rotational motlons_by tlmeTresoIved
After reaching this stationary-state twisted conformation in the aPSorption or Raman spectroscopy may provide us with a strong
T, state, only “the slow process of intersystem crossing in a support for the prgsgnt, more specific hypothetical mechanism
fixed conformation” can take place, because no rotational Of triplet-energy dissipation.
degrees of freedom to enhance the intersystem crossing are left

in this equilibrium configuration. The situation is similar to the _ Acknowledgment. The authors are indebted to Prof. Harry
case of “alltransTy” free in solution. Frank for transferring to them the technique of incorporating

spheroidene into the carotenoidless RC. Financial supports from
the Science Research Promotion Fund and from the Japan
Society for the Promotion of Science are gratefully acknowl-
edged. R.F. has been supported by a JSPS fellowship for
Japanese junior scientists, and a grant-in-aid from the Ministry
of Education, Science, Sports and Culture, Japan (# 7725).

On the other hand, the rotational motions around the
15=15 double bonds which is supposed to take place im-
mediately after triplet excitation (before reaching the above
stationary-state Tstructure) must strongly enhance the inter-
system crossing down to the-State, the mechanism of which
should be similar to the case of ti-spheroidene in solution.
This corresponds to “the fast process of intersystem crossing

through rotational motion” defined above. This type of rotational . )
motion around the CE5C15 bond within the 15-cis potential of Soand T, Raman Lines and Frequencies and Normal Modes

- . ) Calculated by Normal-Coordinate Analysis for Various Deuterio
minimum has already been proposed as a mechanism of triplet- . . ;

e : All-trans-Spheroidene im-Hexane Solution, and Table 2S:
eﬂergyhdlss;]patlon (see Figure 5 of rzf 2333’ The predsebnt r((ajfjultSFrequencitfs of Sand T Raman Lines and Frequencies and
show that this mechanism may need to be revised by adding . .
the rotational motions around the G%@14 and C1:EC12 Normal Modes Calculated by Normal-Coordinate Analysis for

bonds as well, both under the influence of the trans potential Va“Ol.JS I_Deuter_|o 1%is-Spheroidene Bound to the RC. Th's_
minima. material is available free of charge via the Internet at http://

Our hypothetical mechanism of triplet-energy dissipation pubs.acs.org.
initiated by the rotational motion around this-C15—=C15 bond
has been questioned by some investigators: Specifically, (1)
Bautista et al3® incorporated locked 1Bis-spheroidene, the (1) Frank, H. A; Cogdell, R. JCarotenoids in Photosynthesigst
configuration of which was chemically locked into 15-cis, into 9" (g)hi%r;‘:;: \F(la}]”:P;%ngﬁérigizﬁofohb?glteé'8.Bi0199 19, 265
the RC of a carotenoidless _mUtant RRb. sphaer0|de§26._1, (3) Frank, H7. A.The Photosynthetic Reaction Center V(Sj.Dbisen-
and determined the;decay time constant to bef 1 us. This hofer, J., Norris, J. R. Eds., Academic Press: San Diego, 1993; Chapter 9.
value was not substantially larger than that of unlockeai$b- (4) Cogdell, R. J.; Monger, T. G.; Parson, W. Biochim. Biophys.
spheroidene in the RC, i.e.; & us*or5+ 2~ 7.2+ 1us Acta 1975 408 189.

(presented in the abstract and Table 1 of ref 9). Bautista®tal. g 9()%)7Sh“"a'°"’ V. A.; Parson, W. Weroc. Natl. Acad. Sci. U.S.A981,

Supporting Information Available: Table 1S: Frequencies
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