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The S A(n7*) and S A (zn*) states of xanthone are phosphorescent due to strong coupling with the
triplet state. To investigate the mechanism of intersystem crossing, we observed the phosphorescence excitation
spectrum of xanthone in a supersonic jet. Thé/&(n1*) — S transition shows a well-resolved structure

with sharp vibronic bands. Prominent bands are assigned to out-of-plane vibrational bands, of which the
intensities arise from the vibronic interaction with the'8,(zz7z*) state. The vibronic bands of the $A;-

(m*) — S transition are significantly broadened (55 ¢inand the band shape is Lorentzian. It indicates

that the intersystem crossing is very fast from thé/& (zz*) state. The rate of intersystem crossing from

the S A (zz*) state is estimated to be 1.0 102 s ™1,

I. Introduction Chemical) was purified by recrystalization in ethanol and dried.
The sample was reserved in a heated stainless steel container
(150 °C). The vapor was mixed with Ar buffer gas (1.5 atm)
and expanded in a high vacuum chamber through a pulsed
nozzle. The duration of the jet pulse was 0.5 ms. The rotational
temperature was estimated to be about 5 K. We used a dye laser
(Lambda Physics, Scanmate, bandwidth 0.THYrpumped by

a pulsed Né& *:YAG laser (Spectra Physics, INDI 40, 120 mJ

at 532 nm, 5 ns duration) as a light source. The output was
frequency-doubled by a BBO crystal. We obtained ultraviolet
light with a pulse energy of about 1 mJ. The bandwidth is about
0.2 cntl. This laser beam was crossed with the supersonic jet
at right angles. Phosphorescence from the excited molecules
was collected by using an elipsoidal reflecter and a lens to a
gated photomultiplier tube (Hamamatsu R282), which is coaxial
with the jet. This photomultiplier tube is sensitive from 300 to
650 nm and phosphorescence was detected without any color
isolated molecules in order to fully understand the energy filter. The_ phosphorescence excitation spectrum was Qbserved
structure and the mechanism of dynamical processes. In this?Y Scanning the wavelength of the laser light monitoring the
article we present the results of phosphorescence excitationphosphorescence intensity, which has been obtalned by photon
spectrum of jet-cooled xanthone. We have already reported thecounting after the laser shot (16@00us) by using a photon
spectrum of the T 3A,(n7*) — S and S A7) — So counting system (Stanford Research SR 400).

transitions which have sharp vibronic barfs’he transition

energies are 25 808 and 26 939 ¢prespectively. We extended  Ill. Results and Discussion

the measurements to the shorter wavelength region and found

significant spectral broadening for the B\;(zz*) state. This

Electronically excited molecules are of great interest because
of their roles in various dynamical processes. In particular, triplet
states play important roles in many systérew excited states
of aromatic hydrocarbons such as polyacenes arg-tfistates.

The triplet state is only weakly optically active because singlet
triplet interaction is expected to be weak, as shown by EI-Sayed.
In contrast, aromatic carbonyl molecules are strongly phospho-
rescent and the triplet states of key molecules have been
extensively studied in a supersonicijétas well as in the solid
phase/~10 This triplet activity is attributed to strong interaction
between the m*and zz* states!!12 These two states are close

in energy and consequently the singlgiplet coupling becomes
appreciably strong.

Xanthone (xanthen-9-one) is a typical example of aromatic
carbonyl molecules in which the triplet states are quite important
for excited-state dynamids-2° It is necessary to investigate

We have observed the phosphorescence excitation spectrum
; ; : ; ; of jet-cooled xanthone in the wavelength region from 305 to
is a typical feature of strong singtetriplet coupling of a =

molecule at the statistical limit in terms of radiationless S/° M- The results are shown in Figure 1. The band at 371.10

o . . 1y i i 0, 1
transitions. We report the experimental results and discuss theN™ (26939 cm’) is assigned to the;band of the $ Ax(nr*)
excited-state structure and the mechanism of intersystem cross=_ o transition. The spectrum is composed of several sharp

ing in isolated xanthone molecules. vibrational bands and becomes congested as the vibrational
energy increases. Far more intense bands are observed in the
Il. Experimental Section 325-305 nm region. These bands are assigned to $h& S

(mm*) <— S transition. The strong 325.45 nm (30 718 Tn
band is assigned as thc% Band. In our previous report, we
tentatively assigned the 29 383 chband as this origin band.

*To whom correspondence should be addressed. E-mail: baba@ However, this proved by the extensive measurement to be one
ihsc.mbox.media.kyoto-u.ac.jp. of the vibronic bands of the;SA,(n*) — S transition. The
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The experimental setup will be briefly given here because
details have been described elsewtei®eXanthone (Wako
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0 TABLE 2: Calculated Vibrational Frequencies (in

T ‘\)E‘OO Wavenumbers) of Xanthone
03
0

symmetry number vibrational type S'A% S'AS STALC

a 1 C-H stretch 3102 3038 3054
2 3099 3033 3045
Si< Sy 3 3085 3021 3033
4 3072 3009 3020
5 C=O0 stretch 1682 1615 1619
0} 6 skeletal deform 1609 1594 1588
, : _ , ! 7 1581 1506 1509
320 340 360 nm 8 C—H bend+ 1471 1467 1459
Figure 1. Phosphorescence excitation spectrum of xanthone in a skeletal deform
supersonic jet, 9 1450 1440 1427
10 1326 1271 1316
S;— S L e 11 1259 1197 1258
108 | 11|92 0 12 1201 1192 1207
13 1160 1125 1143
| 14 1134 1092 1130
15 1095 1078 1073
16 1015 1011 988
! 17 817 803 819
0 18 ring deform 685 676 653
(Ilo 19 640 634 628
20 C=0 bend 508 479 484
L 1 h s 21 skeletal deform 371 359 370
360 365 370 nm 22 223 221 218
Figure 2. Expended spectrum in the lower energy region of the S & 23 oop C-Hwag 959 992 961
tAq(nm*) — S transition. 24 936 953 901
25 848 862 858
TABLE 1: Observed Bands of the § Ay(nz*) — S 26 752 758 718
Transition and Assignments 27 _ 702 701 606
— - - 28 oop ring bend 510 530 477
transition vibrational 29 447 440 397
wavenumber, frequency, _ 30 oopskeletalbend 238 250 221
cm cm assignment 31 0o0p ring torsion 117 117 108
1 26 939 0 Og by 32 oop C-H wag 959 992 950
33 937 954 888
1
2 27031 92 3o (22) 34 853 865 822
3 27132 193 315 (a2) 35 785 756 720
4 27240 301 31 (a0) 36 743 698 630
37 656 542 535
27 321 2
2 27 364 225 38 oop ring bend 529 449 482
29; (20) 39 405 298 318
7 27409 470 40 281 227 248
8 27 441 502 28 (a2) 41 oop C=0 wag 146 97 144
> 27008 069 36 (0)? b ig O stretch. 31(6)5 30%2 30%45
1 2 —H Stretc
10 27627 688 27 (22) 44 3008 3032 3041
11 27 675 736 45 3085 3021 3033
12 27725 786 263 (a2) 46 3072 3008 3019
13 27 755 816 47 skeletal deform 1597 1587 1562
49 1457 1467 1476
15 27 833 894 50  C-Hbend+ 1449 1428 1416
16 27849 910 skeletal deform
17 27 955 1016 51 1333 1279 1366
52 1305 1257 1345
29 383 cn1! band is not very strong in this measurement where 53 1224 1195 1288
the longer lifetime component is detected. 54 1201 1171 1198
We observed both thénz* and Lzz* transitions whose gg 1(1)22 ig% iéég
spectral features are obviously different. We observed sharp 57 1019 1019 1006
vibronic bands for the S'Ax(nt*) — & transition. The 58 911 876 901
expanded spectrum in the lower energy region is shown in 59 864 840 894
Figure 2 and the observed transition wavenumbers are sum- 60 ring deform 618 602 597
marized in Table 1. To assign the vibrational bands, we g% 2;3 Z% igg
calculated the harmonic vibrational frequencies (in wavenum- 63 =0 bend 209 579 300

bers) of the $ A (nz*) state using the GAUSSIAN 98

program3! We performed the molecular-orbital calculations by~  00p= out-of-plane.” The results of B3-LYP/6-31G(d,p) level are
spin restricted configuration interactions for a single excitation ;ca(l)egg% 0.9614.The results of RCIS/6-31G(d.p) level are scaled
using a 6-31G(d,p) basis set (RCIS/6-31G(d,p)). We used the y o ’

scaling factor value of 0.8970 recommended by Scott and For comparison we performed the density functional theory
Radom?2 The results are summarized in Table 2. The calculation (DFT) calculation using the Becke three-parameter exchange
for the ground state has been reported by Connors and Ftini. functional (B34 and the gradient correlated functional of Lee,



States of Jet-Cooled Xanthone J. Phys. Chem. A, Vol. 107, No. 42, 2008353

0 TABLE 3: Observed Bands of the S Aj(wn*) — S
S2<So ! Transition and Assignments
transition vibrational
wavenumber, frequency,
cm?t cmt assignment
1 30718 0 o5
2 30 941 223 22! (ay)
3 31174 456 20t (a)
310 320 330am 4 31354 636 18 (ar)
5 31579 861 18322 (a1)
Figure 3. Expanded spectrum of the 8A(zn*) — S transition. 6 31719 1001 16(13 (1)
7 31872 1154 13} (ay)
Yang, and Parr (LYP¥ with a 6-31G(d,p) basis set (B3LYP/ 8 32099 1381 10} (aw)
6-31G(d,p)). We used the scaling factor of 0.964%he results 9 32204 1486
are also shown in Table 2. Using these calculated vibrational 10 32321 1603

frequencies we assigned the observed vibrational bands shown » N
in Table 1. The $1Ay(n7*) — S transition is symmetry bands of the §1A1.(:m*) — & transition. The transition
forbidden inC,,. The observed bands are considered to gain Wavenumber, vibrational frequency, and assignment are sum-
their intesities from the SA (%) — S transition by vibronic marized in Table 3. The ;S'Ay(7*) - S transition is an
interaction between these two singlet excited states. The energyallowed strong transition of which the moment is along the@
gap is 3779 cml. Consequently, the out-of-plar® mode bond. The observed vibronic bands are of the totally symmetric
vibrations are expected to be dominant in the spectrum. $he 0 & Vibrations. The 8*Aq(zzr*) state directly couples with the
band is accompanied by 92, 193, and 301 &ipands. These 11 ‘A2(n7*) state, which is also mixed with the; PAs ()
are assigned as the progression bandssdfy) ring torsion state. The density of coupling triplet levels is expected to be
1 *
vibration. However, the energy splitting slightly increases with Very high at the energy Of*thQS/'\l(’_m ) state whlere the excess
the vibrational quantum number. This is positive anharmonicity €N€rgy of the T *Ay(n7*) state is 4910 cm'. Therefore,
which has been found in the case of strong vibronic coupling @PPreciably strong phosphorescence can be observed and the
between the excited stat&s3” The vibrational levels in the;S bandwidth is large due to the strong interaction with the triplet
1A (n*) state of xanthone are considered to be shifted by the levels. Here we consider the energy dependence of the coupling
vibronic interaction with the SIA (%) state. Other prominent triplet levels. The_ triplet level density is not very high in the
bands are also assigned to be thevibronic bands by using lower energy region of the ;SA(nr*) state. W_eak satellite
the results of calculations. We found a number of small peaks Pands could be observed for the lower vibronic bands due to
for the low-energy vibrational band®.These satellite bands nhomogenity in the triplet manifolé It is the intermediate
are considered as the triplet levels which gain the intensity by €8¢ of a radiationless transition. This structure becomes
spin—orbit interaction with the singlet levels nearby.

continuous as the energy increases and the shape of each
These mixed levels emit phosphorescence, but no fluoreS-VibroniC band becomes a broadened Lorentzian. The triplet level
cence could be observed in a supersonic jet. Therefore, the

density is considered to be sufficiently high in the higher
intersystem crossing is much faster than the fluorescence

vibrational energy region (statistical limit).
lifetime. The S A,(nz*) state does not directly couple with

Bixon and Jortné?f theoretically considered the band shape
the T, 3A»(n7*) state? The energy of the T3Aq (") state is and the rate of intersystem crossing in the statistical limit. They
known to be very close to that of the ¥A,(n*) state in the

assumed that the coupling triplet manifold is homogeneous, that
solid phasé31516The T, character drastically changes with host

is, the energy splittinge) and interaction strengthVj are
molecules and phosphorescence from both of#yénz*) and

constant for all the triplet levels. In this case the vibronic band
3A.(7*) states can be observed simultaneoddifhese two @S @ Lorentzian shape

triplet states are strongly coupled with the vibronic interaction. o
The energy gap between the3R,(nz*) and § *A,(n*) states (v —vg) = p > > (1)
is 1131 cn1?! for the isolated xanthone molec&The level @)+ (v — vy

densities of the mixeéhz* and 3zzr* states are sufficiently high ) o
at the energy of the :S!A,(n7*) state. Therefore, strong and the bandwidth (fwhm) is given by
phosphorescence can be observed when we excite the vibronic 5
levels in the $ 'A,(nz*) state. Thelnz* state is strongly = npvzzﬂ 2)
coupled with the mixednz* and 3zz* levels and the molecule €
does not fluoresce, but phosphoresces strongly. It is considere
to be difficult to observe phosphorescence from%ne* state
in a supersonic jet because the lifetime is so long that the triplet
molecule flies away from the detection region. The observed
phosphorescence is, then, primarily from fne* state. k

The @ band of the $1A (%) — S transition is observed = 271C (3)
at 325.45 nm (30 718 cm), which is followed by several
vibronic bands. The expanded spectrum is shown in Figure 3. The observed bandwidth of the $A;(zz*) — 8008 band is
All the observed bands are remarkably broadened and the line55 cnt?. It indicates that the rate of intersystem crossing is 1.0
shape is Lorentzian. We also calculated the vibrational frequen- x 1013 s71 and the lifetime ¢ = 1/) is 96 fs. For instance, if
cies in the $1A (™) state and the results are shown in Table we assume = 10* cm, the interaction strengWis estimated
2. Using the results of the calculation, we assigned the vibronic to be 0.04 cm!. The bandwidth is proportional to the triplet

c{/\/herep = 1/e is the triplet level density. This bandwidth is
also related with the rate of intersystem crossikigwhen we
coherently excite all the coupled levels
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(a) n IV. Summary
Phosphorescence excitation spectrum of jet-cooled xanthone
has been observed. The8,(n7*) — S transition is composed
of weak ¢ and sharp vibronic bands. This transition is
forbidden and the intensity arises from vibronic interaction with
the S 1A (wr*) state. The prominent bands are &f out-of-
plane vibration which couples the 8A\,(n7*) and $ A (*)
states. The vibronic bands of the B\i(z*) <— S transition
are remarkably broadened due to strong interaction with the
triplet levels. The observed bandwidth is 55¢nand the rate
of intersystem crossing is 1:0 103s™%. The S A (r*) state
is directly coupled with the T 3A,(nz*) state and strong
phosphorescence could be observed in a supersonic jet.
Aromatic carbonyl molecules are strongly phosphorescent,
and the triplet activity is attributed to interaction between the
closely located n* and nz* states. The 7 3A(nnr*) state is
expected to be close in energy with the3R,(nz*) state. This
is the main cause of fast intersystem crossing in xanthone and
other aromatic carbonyl molecules as well. The n orbital is the
atomic p orbital and the energy of thanstate is expected to
be much lower than that of ther* state. However, the energy
of the n orbital is lowered by mixing with the orbital. On the
contrary, the energy of the orbital is raised because the
bonding energy is reduced by conjugation in the aromatic
carbonyl molecule. These result in proximity of the*rand
sr* states. To confirm it, extensive studies of phosphorescence
excitation spectroscopy of other substituted molecules are
desired.

(b) 7T

(e)7T*
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