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Direct observation of molecular structural change during intersystem
crossing by real-time spectroscopy with a few optical cycle lasers
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Abstract: The ultrafast spectroscopy by a sub 5 fs pulse laser was applied to the simultaneous study of
electronic relaxation and vibrational dynamics in Ru" (TPP) (CO). The signals due to 'Q.,q.o) (msm™ )

and 'Q, .0, (s " ) are thought to decay in a sequential order from the higher energy states to the low-
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er energy states in the sequences 'Q, .o (o7 )= Queo.0y (o )= (dyx* )—=* (o™ ) and ' Q..0) (s
7" )—=>3(d,n*)=>*(x,n" ). The electronic lifetimes of 'Q,.0) (msm” )s' Queooy (mom™ )s* (dym™ ),y and
*(m,n* ) are determined to be (230£70) fs, (1150£260) fs, (21504360) fs and larger than 4. 8 ps,
respectively. The lifetimes of *(d,x" ), and *(x,n" ) are estimated to be (2 150 £ 360) fs and larger
than 4. 8 ps, respectively. The lifetime of 'Q..0) (xsx” ) determined to be (230 £ 70) fs, is in rela-
tively good agreement with the step-down time of (190£40) fs for the transition time from ' Q.. (s
) 10 'Q..0) (s ) calculated from the energy decay rate in the dynamic Stokes-shift process. The
spectrogram analysis shows that the time dependent changes in the vibrational spectrum is associated
with the spin state change from the Franck-Condon state in the excited singlet state to the triplet state
via the curve crossing point or conical intersection between the singlet and triplet potential surfaces. It
is found that the dynamics is can not be expressed in terms of the simple single exponential decay of
the spectrogram signal of singlet and exponential growth of the triplet vibration spectrogram signal. In
stead, the vibrational spectral change takes place with more complex dynamics. At first, the decay of
the singlet vibration spectrum takes place and then new vibrational spectrum which is different from
singlet and triplet states appears. After the growth and decay of the new vibrational spectrum, the
triplet state vibration spectrum starts to grow. The dynamics at first looks different from that of elec-
tronic spectra. The reason of the apparent difference can be explained in the following way. The vi-
brational spectral change could sensitively detect the structural difference among the singlet sate and
triplet state in their equilibriums and that of transition state or state close to the conical intersection.
Key words: vibration spectrum; ultrafast spectroscopy;laser spectroscopy;molecular structure; spin;
dynamics
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35 ps at room temperature The fluorescence

1 Introduction lifetime has not been yet resolved but it was re-
ported to be shorter than 30 ps in 1999°* and 1

Metallo-porphyrin complexes have been exten- ps in 200557

Additionally, it is desired to elu-

sively studied as model complexes for many im-
portant biological systems. The report of the ox-
idation reaction of Ru" (TPP) (CO) [ TPP =
tetraphenylporphyrin] in 1973 triggered nu-
merous studies of Ru" (TPP) (CO) as a model
complex of Fe! (por) [por = porphyrin], and a
central skeleton of hemoglobin which functions
as an oxygen transport in human bodies. How-
ever, detailed studies have not yet been conduc-
ted on the excited state dynamics of Ru" (TPP)
(CO). It is known that the lowest excited triplet
state in Ru" (CO) porphyrin was *(x, n* ),
and the phosphorescence lifetime in Ru' (TPP)
(CO) (py) [py = pyridine] was measured to be

cidate the mechanism of intersystem crossing in

the metal-porphyrin complex reaction“.

In gen-
eral, the information obtained from signals due
to pure electronic dynamics was not enough to e-
lucidate the relaxation process of the electronic

excited statest,

The real-time vibrational spec-
troscopy provides the modulated probability of e-
lectronic transition by molecular vibration. By
this method, we can obtain both the information
of the radiation-less electronic relaxation and
that of the instantaneous vibrational frequency
during the relaxation at the same time using a

single experimental system, satisfying complete-

ly same experimental conditions.
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2 Experimental section

2.1 Broadband visible pulse generation by NOPA
By using a Non-collinear Optical Parametric Am-
plifier (NOPA) shown in Fig. 1, we obtained an
ultra-broadband visible pulse, which can be
compressed to sub-5 fs for the ultrafast pump-
probe measurement.

As a laser source, a Ti:sapphire regenera-
tive amplifier (Spectra-Physics, model Spitfire,
150 uJ, 100 fs, 5 kHz at 805 nm) was used to
generate pump and seed pulses of the NOPA. A
single-filament white light continuum was gener-
ated in a sapphire plate with a thickness of 1 mm
as the seed pulse. The seed pulse was non-col-
linearly amplified in a NOPA crystal (type I-
BBO, §=31.5°) pumped by a second harmonics
(SH. 100 uJ) of the laser source. The SH used
for the pump pulse of NOPA was generated by a
BBO crystal with a thickness of 0. 4 mm to ob-
tain the broadband SH pulse.

5
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Ti:sapphire laser A i ?g
150 wJ.805 nm.5 kHz pe — =3
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NOPA:Non-collinear optical parametric amplifier
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L3 (v Cut-of T filter
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Fig.1 NOPA for sub 5 fs pump-probe measurement

system

After amplification by the NOPA, a main
compressor compensates the residual chirp. The
total pulse compressor is composed of the Ultra-
Broadband Chirped Mirror (UBCM, Hamamat-
su Photonics) pair, a 45° fused-silica prism pair,
and Cr-coated broadband beam-splitters with the
thickness of 0. 5 mm. The UBCM pair with

three round trips and prism pair are for the main

compression. The amplified signal pulse after
the double-pass NOPA with a spectrum exten-
ding from 525 to 725 nm was compressed with
the main compressor resulting in a pulse dura-
tion of sub 5 fs which is nearly Fourier trans-
form limited.

2.2 Pump-probe measurement

We used a sub 5 fs pulse to observe the real-time
vibrational dynamics associated with the relaxa-
tion in the electronic states of Ru" (TPP) (CO)
in CHCl,, a non-coordinating solvent™. The
spectra of the sub 5 fs pulses covered from 525
to 725 nm with a nearly constant phase (Fig. 2).
The polarizations of the pump and the probe
beams were parallel to each other. The intensi-
ties of the pump and probe pulses were (2 880+
300) and (480+£50) GW « ecm™?, respectively.
The focus areas of the pump and probe pulses

were 100 pm® and 75 pm’, respectively.

Laser intensity

550 600 650 700

Wavelength/nm

Fig. 2 Laser spectrum of sub 5 fs pulses used for pump

pulse and probe pulse from 525 to 725 nm

All measurements were performed at (295
+1) K using the sample solution in a 1 mm cell.
Time-resolved difference transmittance AT in
the spectral range from 525 to 700 nm was meas-
ured simultaneously using a multi-channel lock-
in amplifier coupled to a polychromator (300
grooves/mm, 500 nm blazed) and avalanche
photodiodes through a 128 channel fiber bundle.
The spectral resolution of the system was about
1.57 nm. The transmitted probe spectrum after
the sample without the injection of the pump
was recorded by averaging 50 000 laser shots.

The transmission difference of the probe was ac-
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cumulated every 3 000 laser shots under the exci-
tation conditions by the pump pulse. The pump-
probe experiment was performed with a 1 s step
from 100 to 4 800 fs.

2.3 Group Velocity Dispersion (GVD)
Refractive index of chloroform is n=1. 431 364
+5 632.41/2* —2. 080 5 X 10°/1" +1.261 3 X
10" /2°%) . Therefore GVD of chloroform is cal-
culated as Fig. 3. The pulse width after trans-
mission through a 1 mm cell was calculated to be

about 40 fs.

1.29
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Fig. 3 Group velocity dispersion of chloroform

Since the electronic relaxation time to be
discussed in this paper was found to be longer
than 200 fs, the effect of GVD on the electronic
relaxation dynamics is negligible. On the other
hand, the effect in vibrational dynamics can be
substantial, because the stretched pulse width
attenuates the amplitude of molecular vibration
observed in the signal as shown in Fig. 4 (a).
The amplitudes of vibration modes with frequen
cies between 800 and 1 200 cm ' discussed in
this article are reduced because of their short vi-
brational period, which cannot be properly re-
solved by the stretched pulse similar to or longer
than the periods. However, the value of vibra-
tion frequency is not affected. Hence the fre-
quency and its shift can still be correctly dis-
cussed. As is seen in Fig. 4 (a), the effect of
pulse width is almost the same in the vibration

frequencies from 800 to 1 200 cm ™',

The ampli-
tude of high frequency modes were corrected u-

sing the calculated results shown in Fig. 4(b).
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Fig. 4(a) Simulation result to show the effect of re-
duction of normalized FFT power of real-
time traces with vibration frequencies from
800 to 1 200 cm™' measured with different

pulse widths from 0 to 40 fs
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Fig. 4 (b) Simulation result of the loss in observed
FFT power of vibration modes from 800 to

1 200 cm ! measured for chloroform in a

cell

2.4 Robustness of the sample against laser irra-
diation
The (d,n* ) excitation induces the n back dona-
tion of Ru(dn)—>CO(x" ) and photo-dissociates
CO with quantum yield of 1. 9 X 107*F**  To
investigate the effect of photo-dissociation in the
procedure of pump-probe experiment, we esti-
mated the rate of photo-dissociation of Ru(por)
CO. After being excited by a single laser pulse,
8 X10° of Ru(por)CO molecules are to be photo-
dissociated. Experimental time required for the
photo-dissociation of 10% of Ru (por) CO was
While the

Stokes equation f=6may,where the radius of Ru

then calculated to be about 24 s.
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porphyrin a and the viscosity of chloroform 5 are
1.8X10 " mand 0.57X10 kg em '+ s ', re-
spectively, and diffusion coefficient D = T/ f
can give the calculated result that the diffusion
length of the molecule is about 50 m in 24 s,
which induces 125 times dilution of the photo-
dissociated molecule. Therefore, the above cal-
culation shows that the effect of the photo-disso-
ciation is negligible.

In addition, we found that the absorption
spectrum did not change before and after the ex-
periment even when the amount of the sample is
only xx times larger than the irradiation volume.
2.5 Spectroscopy
Ultraviolet/Visible (UV/Vis) spectra were re-
corded on a Shimadzu model UV-3101PC spec-
trometer. Emission spectra were recorded on a
HITACHI model F-4500 fluorescence spectro-

photometer.

3 Results

Real-time traces from 100 to 4 800 fs of the ab-
sorbance change (AA) and probe wavelength de-
pendency of AA (525—700 nm) obtained in the
pump-probe measurement are shown in Fig.5
and Fig. 6, respectively. Fig. 6 shows that the
difference absorption spectrum (AA (w)). The
difference absorbance, AA, is negative over the
entire probe wavelength range in the full delay-
time range. The time-resolved spectrum at delay
time earlier than 1 ps has a peak wavelength and
width similar to the stimulated emission spec-
trum Q= 595 nm) of Rul (TPP) (CO) calcu-
lated from the fluorescence spectrum (Fig. Sl in

Y91 Since phosphores-

Supporting Information
cence spectrum of Ru (TPP) (CO) (py) is
the ob-

served emission peak at A, = 595 nm was as-

known to be peaked at Amy =726 nm",

signed not to phosphorescence but to fluores-

[11]

cence Even after a careful purification

process the emission peak intensity is not re-

duced, the possibility of impurity can be ruled
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Fig. 5 Real-time traces of induced absorbance chan-

ges of Ru' (TPP) (CO) averaged over 16

probe channels in the delay time range be-

tween 100 and 4 800 fs

—  50-100 fs
| —  100-150 f3
— 200-250 fs
600-650 fs
1 000-1 050 fs
1 400-1 450 fs
—2 200-2 250 f3
y - —3000-3 050 fs
350 nm —3 800-3 850 fs
Stimulated emission  [—4 600-4 650 f§

550 600 650 700
Wavelength/nm

0.00

-0.02

A(\K
515 nm

Absorbance change

-0.04

Fig. 6 Difference absorption spectra of Ru" (TPP)
(CO) and stimulated emission spectra calcu-
lated from fluorescence spectrum™®. The 10
AA spectra at different time regions were ob-
tained by averaging for 50 fs in each time re-
gion of 50—100 fs, 100 —150 fs, 200 — 250
fs, 600— 650 fs, 1 000—1 050 fs, 1 400—
1450 fs, 2 200—2 250 fs, 3 000—3 050 fs,
3 800—3 850 fs, and 4 600—4 650 fs. Thick
curves show stimulated emission spectra,
whose excitation wavelengths are 515 nm and

550 nm.

out. The negative peak at 580 nm appears at a
delay time shorter than 100 fs, and is red-shifted
to 591 nm after 100 fs. This red shift occurs at a
rate of (0.67%0.15) eV « ps ' and is considered
to be due to a dynamic Stokes-shift. This corre-
sponds to the step down time from higher vibra-
tional levels to the lower level of the mode cou-
pled to the electronic state. The coupled mode

frequency can be calculated from energy differ-
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ence between Q, (1,0) (18 939 em™ ') and Q, (0,
0) (17 897 em ') as 1 042 cm™'.
from the red-shift rate of (0. 67 =0. 15) eV -
ps ', the step-down time on the vibrational lad-
der is determined to be 1 042 cm '/(0. 67 £
0.15) eV + ps '=190+40 fs. The AA signal is

mainly due to the stimulated emission from

Therefore,

"Q.0.00 (s " )y whose lifetime was determined

by the analysis described below.

4 Discussion

Singular-valued decomposition (SVD) analysis
of the time-resolved traces provides four decay
time constants (¢, .7 .73, and 7, ) as shown in
Fig. 7. Using the average of lifetimes obtained at
128 probe wavelength channels, 7,7, ,75» and 7,
were determined to be (230+£70) fs, (1 150+
260) fs, (2 1504360) fs, and 4. 6 ps, respec-
tively. The decay time constants were obtained
by fitting the time-resolved AA trace recorded up
to the delay time of 4. 8 ps. Considering limited
accuracy of the fitted time constant shorter e-
nough than 4. 8 ps, the signal component with
the decay time of 4. 6 ps was included in the con-
stant component in the analysis. The UV/Vis
absorption spectrum of Ru' (TPP) (CO) has a
Q.(1,0) band peak at A, = 528 nm (18 939
cm ') and a Q,(0,0) band peak at A,.,=560 nm
(17 897 cm ') as shown in Fig. 8. The laser
spectrum from 525 to 725 nm covers both of the
absorption bands, therefore Ru ( TPP) (CO)
was coherently excited into both of the 'Q.«.0
(n, ") and 'Q.a.0 (s n* ) states. The FFT

', which is energy differ-

amplitude of 1 040 cm™
ence between Q,(1,0) and Q,(0,0) band, was
proportional to the pump intensity as shown in
Fig. 9. The ratio of the excited population densi-
ty between Q,(0,0) and Q,(1,0) was calculated
to be 1. 92 :

spectra, The signals due to 'Q,q.o, (nym” ) and

1 from the absorption and laser

"Q.0.0 (.t” ) are thought to decay in a sequen-

tial order from the higher energy states to the

6000 4 « JIN - 4T
s A A .. 1 4 * rz
;—'_,_ b a 5‘. A ‘;‘. L "~ A
S 4000 » Al alh ) CRL *T
= :1. A A 2 2 a ahat o
§ ~‘90 J‘ :’ * ,b” e A 9‘“1 1
2200007058 Pyt L8t yﬁ’(«n;gﬂ o
= A £ e -a"'.‘l Jed !.l."" LC =
e t".f h%"o ¥
() Dt o ety WG Wl s

550 600 650 700
Wavelength/nm
Fig. 7 Probe wavelength dependence of lifetimes of
intermediates obtained by singular-value de-

composition analysis

O 1.0)

Absorbance

0.0F 33.5nm

500 550 600

Wavelength/nm

Fig. 8 Visible absorption spectra of Q,(1,0) and Q,
(0,0) of Ru" (TPP) (CO). They were ob-
tained from the absorption spectrum of sample
fitting by two Lorentzian functions (Q, (1,0)
: black dots, Q,(0,0) :black line)

lower energy states in the sequences 'Q. .o, (7,
)= Qo (o )= (dy " )=>* (no” ) and
"Quo.oy (ot )= (d, " )=>3(x,n" ). The real-
time A traces are expected to be fitted well with
the following equation.

f(=(1.92/2.92) [(A,(exp(—1/7))+

A, (exp(—t/z) —exp(—t/7,)) + A, (exp(—
t/rs) —exp(—t/m))+ Ay (1—exp(—t/73)) |+
(1/2.92)[ A, Cexp(—t/7,) —exp(—t/t;)) +
A3Cexp(—t/z3) —exp(—t/r)) T A, (1—exp(—
t/75)) ]=(1.92/2.92) (A, (exp(—¢t/7))+

A, (exp(—t/w) —exp(—t/7))+A; (exp(—t/z5) —
exp(—t/t))TA, (1—exp(—t/75)) (1)
The spectra of components A,, A,, A;, and A,
thus obtained are shown in Fig. 10. The signal
of A,, which has a negative peak at A,., =591
nm, is attributed to the stimulated emission
from 'Q..0p (s ** ), based on its agreement

with the stimulated emission spectrum (A, =
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Fig.9 Pump intensity dependence of vibrational am-

plitude of porphyrin ring stretching mode

595 nm, Fig. 10) calculated from the fluores-
cence spectrum (Fig. S1). Therefore, the life-
time of 'Q.«.0, (wsw” ) was estimated to be 1 150
{s(=1,).

0.00 e 0
(1] ?LI
2 1 g
= £
3 -0.02} , 8
2 S
2 3 S
Z Stimulated : <
~0.04 ::missionl """ 4
550 600 650 700
Amnm

Fig. 10 Spectra of four components obtained by se-

quential model

Spectrum A, has a negative peak at Ay, =
580 nm, which is 11 nm longer than that of A,.
Both the negative peaks are reasonably attribu-
ted to stimulated emission because of impossible
assignment to the bleaching due to the lack of
absorption in the spectral range and from the
peak wavelength close to that of the spontaneous
emission spectrum. Therefore, A, can be attrib-
uted to the stimulated emission from 'Q, (1,0)
(w,m* ) with a lifetime of 230 fs (=¢;). The li-
fetime of the A, signal is shorter than that in A,.
The reason why the peak wavelength of stimula-
ted emission band A, is shorter than that of A,,
can be explained as follows. The minimum of
potential energy surface of excited state is dis-
placed from that of the ground state. Therefore,
Q. (1,0) can have not only the transition of vy, —

y1» but also higher energy transitions (y;'—y,)

and lower energy transitions (v, =y, and v, —
y;). In the same way, in the case of Q, (0,0),
the transfer can not only be y,'—y, but also low-
er energy transitions like y," =y, and v, = v,.
The transfer energies of v,' >y, and v, >y, are
close to each other, because both of Q, (1,0)
and Q, (0,0) belong to the same electronic state
in the lowest vibrational levels expected to have
minimal anharmonicity. However, above men-
tioned higher transition energy of v, =y, com-
pared with that of v; "=y, caused the blue shift of
A, which has a peak at 11 nm shorter than that
of A,. As mentioned above the lifetime of A, due
to ' Q..o (s ) is determined to be (230+£70)
fs. This result is in relatively good agreement
with the step-down time of (190+40) fs for the
transition time from 'Q.q.0 (myw™ ) to ' Q..o
(w.m” ) calculated from the energy decay rate in
the dynamic Stokes-shift process. Moreover, the
hypothesis of the spectral component A, being
due to the stimulated emission from Q..o (7s
n”* ) is supported by the following observed phe-
nomena. The ratio between FWHMs of A, [ re-
lated to Q, (1,0)] and A, [ related to Q, (0,0) ]
was determined to be 58.6 nm/49. 6 nm=1. 2+
0. 1(Fig. 10). While, the ratio between FWHMs
of Q,(1,0) and Q, (0,0) bands in the UV/Vis
spectra was 23. 2 nm ¢ 33.5 nm=(1:1.44) =+
0. 02 (Fig. 8). The observation that A, has a
broader bandwidth than A; is consistent with the
Q. (1,0) band being broader than the Q, (0,0)
band.

The component A, with a negative peak at
Amex — 616 nm and the longer lifetime than A, is
concluded to be due to the stimulated emission
from the triplet excited state as follows. The in-
tersystem crossing from '(zw,x” ) to *(d,x" ) is
thought to take place more easyly than the spin-
forbidden intersystem crossing from '(x,x" ) to
(o O, Morceover, the charge transfer from
the porphyrin ring to the central metal atom en-
hances the spin-orbit coupling and accelerates in-

tersystem crossing. Therefore, the A, spectrum
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with a peak at A,.x=0616 nm is due to a stimula-
ted emission signal from *(d, =" ). This assign-
ment is also supported by previous reports show-
ing that the phosphorescence from *(x,x* ) has
a Amx =725 nm in Ru(tpp) (CO) py"* and *(d,
n" ) exists close to '(w, ") between '(w,n" )

2] Tt is at first sight surprising

and °* (., " )
that the stimulated emission from the triplet
state appears to the intensity of about 1/2 of that
of the stimulated emission from the singlet
state. However, the signal cannot be assigned to
the stimulated emission from the singlet state,
because the signal appears in the region whose
wavelength is longer than that of the spontane-
ous emission from the singlet state. Therefore,
the signal can only be assigned to the stimulated
emission from the triplet state. There is no re-
port concerning the S-T absorption of Ru por-
phyrin complex, whose lowest triplet excited
state is (7t,m" ), but strong S-T absorption is re-
ported in similar complexes such as Os porphyrin
complex and the Ru bipyridine complex which
have (d, =" ) as their lowest triplet excited
states. 1% It suggests the possibility of stimu-
lated emission from *(d, =* ) of Ru" (TPP)
(CO). Moreover, besides strong stimulated e-
mission, there exists the induced absorption
from the excited singlet state and the excited
triplet state. This can be the reason why the in-
tensity of A, is 2 times or more large than that of
A,. Therefore, the lifetime of *(d,n"* ) was esti-
mated to be about 2.2 ps (=z;).

The component A, with a negative peak at
A =565 nm, is due to residual (22%) bleach-
ing induced by ground-state depletion remaining
even at the longest delay, because Ru' (TPP)
(CO) has a Q, (0,0) absorption band in this
spectral range around 565 nm (AA=0. 04). The
phosphorescence from *(x, n* ) is reported to
have a peak at Ay, =725 nm in Ru(tpp) (CO)
Py,* therefore the signal observed around 565
nm after relaxation to *(x, n* ) is not due to

stimulated emission corresponding to the phos-

phorescence.

The results of the above analysis and dis-
cussion of the electronic state are summarized as
follows; the lifetimes of 'Q.1.0) (mom™ ) ' Quco.0
(o ),°(dsne” )5 and * (n, " ) were determined
to be (230£70) fs, (1 150+£260) fs, (2 150+
360) fs and larger than 4. 8 ps, respectively
(Fig. 11).

1Q.~'|I_In(ﬂ-ﬂ*) IQ_mlm('ﬂ'.T[x)

2305 )
530 nm 560 nm larger {han 4.8 ps
Fig. 11  Energy level diagram and the excited state

dynamics including vibrational relaxation
from the vibrational level of (1,0) to (0,
0), intersystem crossing form 'Q, (w,x* )
to *(d,x" ), and internal conversion from

S(dyn) to P (mym” ).

As a further detailed investigation of the
mechanism of the decay dynamics of the interme-
diate states obtained above, the dynamics of the
vibrational state were also analyzed. Using spec-
trogram analysis, we detected the transitional
changes of these molecular vibration modes up to
1 500 fs (Fig. 12). The spectrogram was calcu-
lated from the averaged AA traces over 10 probe
wavelengths around 600 nm using the Blackman
window function whose FWHM was 240 {s. The
data in the vicinity of 0 fs up to 300 fs could not
be measured accurately because of the strong in-
terference between the scattered pump pulse and
probe pulse., and hence the results of the spec-
trogram analysis were shown in the delay time
range from 300 to 1 500 s, where the effect of
interference is negligibly small. At 300 fs, the
porphyrin ring stretching mode (v,,) was ob-
served around 1 036 c¢cm ', which agrees well
with the calculated frequency (1 040 cm ') of
singlet state Ru" (por) (CO) [Fig. 13 (a) ],
(The calculation method and its detailed results
are shown in supporting information. ) This fre-

1

quency is reduced to 1 150 cm ' in several
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. . L
— 1200 0,06 bending mode at 990 cm™ ', characteristic of the
£ triplet state in Rull(por) (CO) [Fig. 13(b)].
?‘_} 1 000 0.25 From the electronic state dynamics analysis
% - - as previously described the ultrafast dynamics of
& 45

400 600 8§00 1000 1200

Delay time/fs

Fig. 12 Fourier power spectrogram calculated from
the real-time trace probed around 600 nm .
The frequency resolution of the spectrogram
was estimated to be 30 em™' from the gate
of FWHM with 240 fs
150 - -y .._,,
t r p 8
: <o -
£ 100t # "“g .-
=
g . - .‘ ‘
o
= 50 F
& 1038 cm™
0 =
800 1 000 1200
Frequency/(cm™)
(a) Ground singlet state
-~
15 000 \‘tg
z !
2 10000f ¥ ¢ §$ &
5 . <
T — LI
g <o | 992 cem Eq’ ¥ ?
g 500 , 8B ¢
1098 cm™
0
800 1 000 1200

Frequency/(cm™)

(b) Triplet state
Fig. 13 Calculated Raman spectra

hundreds fs from about 600 fs to 1 ps because of
the appearance of the triplet state, whose v,
was obtained by the quantum chemical calcula-
tion to be 1 100 em™*

900 cm !

. The peak centered around
that appears at about 1 ps is also con-
sidered to be due to the triplet state after the in-
tersystem crossing, because the calculated result

suggests the appearance of the porphyrin ring

Ru (TPP) (CO) shows that the lifetime of the
singlet excited state is about (1.2=+0. 2) ps, and
it is corresponding to the growth of the triplet
state. Both positive and negative absorbance
changes were assigned to the absorption bands of
the transition states.

The electron spin state is thought to change
from the singlet into the triplet state with a cer-
tain transition probability, therefore we per-
formed a model calculation in which Fourier
power of the porphyrin ring stretching mode of
1 040 ecm™ ! (singlet) and that of 1 150 cm' (trip-
let) decays and grows, respectively, both with a
time constant of 1. 2 ps. The calculation shows
that the two frequency modes keep their original
frequencies (Fig. 14). However, experimental
results show the presence of intermixing as a
gradual blue shift of v,,, from 1 040 to 1 150

cm ', The signal intensity at 1 060 cm ™'

has a
peak at the gate delay time of 640 fs during the
course of delay time.

The above-mentioned spectrogram analysis
shows that the time dependent changes in the vi-
brational spectrum associated with the spin state
change from the Franck-Condon state in the ex-
cited singlet state to the triplet state via the
curve crossing point or conical intersection be-
tween the singlet and triplet potential surfaces.
We calculated the spectrogram of the system in
which the singlet state with the vibration mode
of 1 040 cm ™! decays exponentially with 1. 2 ps
and triplet state with mode of 1 150 cm™ ' grows
exponentially with the same time constant. The
results of spectrogram calculation is shown in
Fig. 14. The dynamics was found not be able to
be expressed in terms of simple single exponen-
tial decay of the spectrogram signal of singlet
and exponential growth of the triplet vibration
the vibrational

spectrogram signal. Instead,
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spectral change is taking place with more com-
plex dynamics. At first the decay of the singlet
vibration spectrum takes place and then new vi-
brational spectrum which is different from sin-
glet and triplet state appears. After the growth
and decay of the new vibrational spectrum, the
triplet state vibration spectrum start to grow.
The dynamics at first glance looks different from
that of electronic spectra. The reason of the ap-
parent difference can be explained in the follow-
ing way. The vibrational spectral change could
sensitively detect the structural difference among
the singlet state and triplet state in their equilib-
riums and that of transition state or state close
to the conical intersection.

This may be due to the bottleneck of wave-
packet passage through the curve crossing point
between the excited singlet state and excited
triplet state. The structural change in Rul
(TPP) (CO) during the transition from the
Franck-Condon state to the curve crossing point
or conial intersection between the singlet and
triplet is followed by the intersystem crossing to
the triplet state!™, The intersystem crossing
takes place with a time constant of about 1 ps.
This ultrafast intersystem crossing can be due to
the heavy atom effect of Ru on the spin-orbit
coupling and/or the mediation of high-frequency
modes of the molecule in a strong non-Born-Op-

penheimer regime!'™,

I-5 000

= 1200
s 1.250% 104
5 1 000§
@ [
£ B> 000 10*
= 800!

0 200 400 600 800 1000 1200

Delay time/fs

Fig. 14 Simulated data of spectrogram assuming that

the modes of 1 040 and 1 150 em ™' decay and
rise, respectively, with the same time con-

stant of 1 060 fs

The discussion made above can be rephrased

in the following way. When the singlet state is

starting relaxation through the intersystem
crossing via the mechanism of spin-orbit cou-
pling during the relaxation process, the wave-
function of the state can well be described in
terms of the linear combination of the spin sin-
glet and spin triplet. The electronic state of the
singlet manifold and triplet manifold are differ-
ent. However, during the process of the molec-
ular structure is changing gradually and continu-
ously. It means that the Hilbert space of singlet
- triplet manifold is only four dimensional but
in the electronic structure the Hilbert space is
much more complicated namely composed of 3N-
6 dimension. The fore even th change is from
the singlet state to the triplet state, it is contin-
uously and gradually changing. Especially if it
passes through transition state or the conical in-
tersection, it may have some latent stage. This
is considered to be the origin of the signal ob-
served in the spectrogram shown in Fig. 14,

In conclusion, both electronic relaxation
and vibrational dynamics in Ru" ( TPP) (CO)
were elucidated simultaneously under the same
experimental conditions using a sub 5 fs pulse.
From the observed electronic dynamics of Ru'
(TPP) (CO), the lifetimes of 'Q.1.0) (s ) and
'"Q.0.00 (s ) were determined to be (230+£70)
fs and (1 150£260) fs, respectively. Moreover,
observed dynamic changes in the vibrational

! were i-

spectrum of v, from 1 040 to 1 150 cm™
dentified to be changed in the spin state from the
excited singlet state to the triplet state during
the transition from the Franck-Condon state to
the curve crossing point between the singlet and
triplet. The decay time of the intersystem cross-

ing including vibrational relaxation was deter-

mined to be (1.2+0.2) ps.
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