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Isolated ultracold porphyrins in supersonic expansions. lll.

Free-base porphine

Uzi Even and Joshua Jortner

Department of Chemistry, Tel-Aviv University, Tel Aviv, Israel
(Received 3 May 1982; accepted 24 June 1982)

The vibrational level structure of the S, —S transition (the Q, band) and of the S,—5; transition (the Q,
band) of free-base porphine in supersonic expansions of He was interrogated by laser-induced fluorescence
excitation spectroscopy. Electronic relaxation in the 5% manifold was explored by time-resolved spectroscopy,
revealing a constant value of the decay lifetime 7 = 9.5+ 1.0 ns for excess vibrational energies in the range
E, = 0-5000 cm~". The line broadening (FWHM) 4 = 1.0-1.5 em~' of the electronic origin and of low-lying
vibrational excitations in the S% manifold originates from inhomogeneous unresolved rotational structure,

while the large linewidth 4 = 11.9 cm~' of the electronic origin of the S7 state is due to homogeneous

electronic relaxation broadening in the statistical limit. The line shape of the electronic origin of 5 was found
to be Lorentzian, providing a quantitative determination of the lifetime 7 = 5Xx 10~ s for interstate S -S%
electronic relaxation within a bound level structure of a large isolated molecule.

I. INTRODUCTION

In this work we continue our spectroscopic studies'™®

of excited-state energetics and dynamics of porphyrins
in pulsed supersonic expansions of He, reporting on the
results of an experimental study of energy-resolved and
time-resolved laser spectroscopy of the free-base por-
phine(H,P) molecule, From the spectroscopic point of
view, H,P is the most important porphyrin. We have
studied the S,~ S transition (the @, band)” ! and the
So— S transition (the @, band)"!! of the isolated H,P.

A preliminary report of this study, which focused atten-
tion on intramolecular interstate relaxation phenomena
has already been published.® In what follows we shall
provide information on the electronic level structure,
vibrational level structure, electronic relaxation from
the lowest excited S state, as interrogated by time-re-
solved spectroscopy, and electronic relaxation from the
S} state, as explored by spectroscopic Lorentzian line
broadening.

li. EXPERIMENTAL DETAILS

The experimental techniques for laser spectroscopy
in pulsed, seeded, supersonic expansions were described
previously. >* A solid sample of H,P (commercially
obtained from Porphyrin Products) was heated in the
nozzle chamber to 320-380°C. The vapor pressure of
H,P at 330°C is 0.2 Torr.!! In contrast to the features
of “floppy” tetraphenylporphyrins, }'* we found that ef-
fective cooling of H,P, without extensive complex for-
mation, could be accomplished in Ar over a narrow
range of the stagnation pressure p, as is the case for
other “rigid” molecules. The H,P molecule could ef-
fectively be cooled in supersonic expansions of Ar at
the stagnation pressures p=100-150 Torr, as well as
in supersonic jets of He expanded at p =1500-2500 Torr,
with the nozzle diameter being D=600 um. We have
demonstrated that the laser-induced fluorescence (LIF)
spectra obtained under these conditions exhibit the
electronic-vibrational excitations of the bare H,P mole-
cule, rather than rare-gas-H,P van der Waals (vdW)
complexes, as practically identical spectra were ob-
tained in Ar and in He, No evidence was obtained for
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the formation of He-H,P vdW complexes under our ex-
perimental conditions. Spectroscopic evidence for the
formation of Ar,-H,P vdW complexes was obtained in
Ar expansions at p=150-1500 Torr, which will be re-
ported elsewhere.!? The spectroscopic studies of the
bare H,P molecule, reported herein, were conducted
in jets of He,

A serious question arising in relation to spectroscopy
of porphyrins in supersonic expansions is whether the
LIF spectrum is not contaminated by thermal decompo-~
sition products. The pioneering studies of Hochstrasser
et al.’® and Gouterman and his colleagues!!:!314:15 pro-
vided comforting evidence regarding the thermal stabil-
ity of many porphyrins!!:!%!* and related compounds'®
in the gas phase at elevated temperatures, where the
vapor pressure of the large molecule is ~0.1 Torr,

The thermal stability of many porphyrins makes them
amenable to exploration in seeded supersonic expan-
sions.!™31® However, extreme care must be exerted to
avoid pitfalls due to thermal decomposition products

of porphyrins, which will result in alien spectral fea~
tures in the LIF spectra of the seeded expansions. Con-
cerning H,P, which is the subject matter of the present
study, Gouterman ef al.!' have shown that heating this
molecule to about ~390°C resulted in the appearance

of a spectral band at 6420 A, which was attributed"! to
free-base chlorine (H,Chl). We have demonstrated

that the LIF spectra of H,P in supersonic expansions,
produced at a nozzle temperature of 330°C, did not
change and did not exhibit new spectral features after
maintaining the nozzle at 330°C for 8 h, We con-
cluded that under these operating conditions at 330°C
the spectrum is free from thermal decomposition pro-
ducts. Heating the nozzle to 370°C resulted in the ap-
pearance of a “new spectrum,” which appears together
with the spectral features of H,P and whose origin is
red shifted relative to the origin of the Sy~ S{ transition
of H,P, According to the vibrational analysis performed
in Sec. IV, this “new spectrum”, resulting from thermal
decomposition of H,P, is attributed to H,Chl, being in
accord with the original observation of Gouterman ef al. !
At T=330°C our spectra of H,P were found to be prac-
tically free from the H,Chl impurity.

© 1982 American Institute of Physics 4391
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FIG. 1. Fluorescence excitation
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spectrum in the region 5750—6160 A
of HyP in pulsed supersonic expan-
sions of He, H,P was heated in the
@) nozzle chamber to 330°C, seeded in
: He at p =2000 Torr and expanded
through the 600 #m nozzle, The ex-
citing dye laser crossed the jet at 12
cm down the nozzle, The intensity in
the range 6000~6150 A is higher bya
numerical factor of 3 than the inten-
sity in the range 5750-6000 A, The
electronic origin of the Sy—~ S tran~
sition is marked 0—0, while funda-
mental vibrational excitations above
the origin (in cm™) are marked by

(148)

?»

5950
WAVELENGTH (3)
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I1l. THE S, =S TRANSITION

Figures 1 and 2 show the fluorescence excitation
spectrum in the range 5550-6160 A of H,P cooled in
supersonic expansions of He. This spectrum is attrib-
uted to the lowest spin-allowed Sy~ S{ transition. No
intrinsic spectral features of the bare H,P molecule
could be observed in the wavelength region above 6160
A, The lowest energy, intense, spectral feature of
6127.5 A (16320 cm™) is assigned to the electronic
origin 0-0 of the S~ S{ transition. The linewidth of the
0-0 transition is a=1,0 cm™? (at p=2000 Torr He), be-
ing due to unresolved rotational structure. The line
shape was symmetric in contrast to the asymmetric en-
velope function for the 0-0 S;—~ S, transition of Zn-tetra-
benzoporphyrin.® In Table Ithe characteristics of the
electronic origin of the @, band of the isolated ultracold
molecule are confronted with those of the gas phase, u
solution, '* and Shpolskii crystal® spectra, demonstrating
again the remarkable simplification and high resolution
accomplished by the present approach. From Table I
it is evident that the solvent shifts for the electronic
origin of the S;—~ S} transition are rather small, being
about — 112 ¢m™ for benzene. For the n7* transition
of H,P, which exhibits only a minor charge expansion
in the excited state, one expects that dispersive inter-
actions will dominate the spectral shift. As the S;— Sf
transition of H,P is characterized by a low oscillator
strength f~0. 01, ! one expects a modest dispersive red
solvent shift 6v for this transition, 1"*!® which is consid-
erably smaller than typical values of 6v ~~ 500 cm™
observed for the electronic origin of intense 77* tran-
sitions with f~0.1-0.3.'® What is intriguing is that the
solvent shifts for some trapping sites in Shpolskii
crystals® (Table II) are positive. Such positive values
of v were not encountered previously for #n* transi-
tions. These may originate from the following causes:

(1) Enhancement of short-range repulsive H,P medi-
um interactions in the Si state. This effect, which is
exhibited for He van der Waals complexes, 18 is expected

to be minor for wr* excitations.

(2) Intramolecular configurational changes induced

6050

6150 numbers in brackets.

by the medium. A medium-induced change in the geo-
metry of the internal N-H bonds is a plausible possibil-
ity for such effects, which will modify the energy levels
of H,P. Such a “chemical” mechanism, originally pro-
posed by Gouterman et al.,!! may provide a dominating
contribution to v for the weak Sy~ S transition, re-
sulting in an overall positive spectral shift.

LIF spectra of large molecules in seeded jets provide
extensive and exhaustive information on vibrational
level structure in excited electronic states, The vi-
brational assignment of the §;—~ S transition of the iso-
lated H,P molecule is given in Table III. The prominent
fundamental vibrations were tentatively assigned ac-
cording to two criteria: (i) High or medium relative
intensity and (ii) appearance of combination bands w,
+w,, whose relative intensities are roughly I,I,, where
I, and I, are the relative intensities of the individual
wy and w, vibrational excitations. It is interesting to
note that a large number of such combination bands ap-
pear in the spectrum., Some additional weak spectral

ENERGY (cm-1)
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FIG. 2, Fluorescence excitation spectrum in the range 5570—-

5850 A of H,P in pulsed supersonic expansions of He. Experi-
mental conditions as in Fig, 1. Numbers in brackets repre-
sent fundamental vibrational excitations (in cm™),
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TABLE 1. Energetics of the electronic origin of the S;—§ transition (the @, band) of free-base

porphine.
Peak Spectral
energy bandwidth
Medium (em™) (cm™) Agsignment Reference
Supersonic 16 320 1.0 0-0 Present work
expansion Rotational broadening
of He
Gas phase 15974 770 Unresolved vibrational 11
393°C sequence congestion
and rotational broad-
ening
Benzene 16 200 300 Unresolved vibrational 11
solution sequence congestion
25°C and inhomogeneous
broadening
16 396 ~3 0-0 9
n-hexane 2 K Inhomogeneous broadening
16 295 ~3 Crystal field splitting

of origin

features, which could not be attributed to combination
bands, may also correspond to fundamentals. However,
their assignment is uncertain.,

The fundamentals in the S} state of H,P (Table III)
may correspond either to totally symmetric vibrations
or to vibronically induced false origins; a distinction
between these two possibilities cannot be made at pres-
ent. In addition to the fundamentals and their combina-
tion bands, Fermi resonances are exhibited, e.g., the
pair of intense lines at 936 and 940 cm™ or the pair at
1049 and 1051 cm™. In this case, the lower energy com-
ponent of each pair was arbitrarily labeled as the fun-
damental. At higher values of the excess vibrational
energies E, in the range E,> 1300 cm™, the vibrational
level structure becomes dense and starts to exhibit the
spectroscopic manifestations of many-level Fermi re-
sonances.

The vibrational level structure in the Si state of H,P
in a Shpolskii crystal was investigated by Voelker and
MacFarlane!® by the singlesite excitation method. In
Table IIT we compare the vibrational frequencies of the
isolated molecule with those of H,P in n-octane at 4.2
K. The only inconsistency between the isolated and the
medium perturbed molecule involves the low-frequency
118 cm™ vibrational mode in the crystal, whose counter-
part in the isolated molecule may correspond either to
the 105 or 140 cm™ vibration. Such low frequency
modes, which may presumably involve out-of-plane
motion of the ring or, alternatively, the motion of the
two H atoms, are expected to be sensitive to medium
perturbations. In the energy region 140< E, <1600 cm™?
there is a remarkable correspondence between all 19
vibrational excitations of H,P observed in n-hexane
erystal’® and the isolated-molecule vibrational states
in the S{ manifold. The largest medium shift of the
vibrational modes involves the low frequency 148+2 cm™
mode of the isolated molecule, which is shifted to 155
em™ in the n-hexane crystal. For all the other vibra-

tional excitations in the crystal, the medium shifts

are small, being barely within experimental uncertainty.
The information concerning the vibrational level struc-
ture emerging from the isolated-molecule spectrum is
much more detailed than that previously obtained from
the Shpolskii crystal spectrum., The isolated-molecule
spectrum reveals a large number of weak features as
well as some closely spaced intense features, which
were not amenable to observation in the mixed crystal
spectrum. The spectroscopic resolution of the beautiful
technique of site selection excitation spectroscopy® 1%-1®
in Shpolskii crystals is inherently limited by two effects.
Firstly, inhomogeneous broadening prevails for excita-
tions at each site. Secondly, higher vibrational excita-
tions in the solid may exhibit additional homogeneous
line broadening due to medium-induced vibrational ex-
citations, which may occur on the picosecond time
scale., The isolated molecule LIF spectra are definitely
superior with respect to spectral resolution, their res-
olution being intrinsically limited by (i) small rota-
tional broadening (A=1.0~1.5 em™ for individual low-
lying electronic-vibrational excitations in S7), (ii)
spectral congestion in the higher vibrational excitations
in 8§, which in turn is determined by o, and (iii) in-
tramolecular interstate relaxation in higher electronic
states (Sec. VI), which results in homogeneous line

TABLE II. Spectral shifts 6v=vy (medium)-vy (bare molecule)
for the electronic origin of H,PinShpolskii crystals at 2 K.

The energies of the origin vy (medium) in sites A, A,, By, and
B, are taken from Ref., 9,

6y {cm™)
Medium Site 4, Site A, Site B, Site B,
n-hexane +76 -25 e ose
n-heptane -20 —-28 -4 -20
n-octane +11 —54 -22 —48

J. Chem. Phys., Vol. 77, No. 9, 1 November 1982
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TABLE HI, Vibrational level structure in the S{ state (Q, band) TABLE 0OI (Continued)
of free-base porphine. Electronic origin of isolated molecule

at 16320 ecm™,® Isolated molecule in supersonic Molecule in n-octane
expansion of He {present work) crystal (Ref. 19)
Isolated molecule in supersonic Molecule in n-octane b
expansion of He (present work) crystal (Ref. 19) av - Av-l
(cm™) I Assignment?® (cm™)
Au"l Ay 1327 40 F
{em” e Assi tds® -t
) sslgnmen (em™) 1345 25 F 1340 (m)
0 100 0-0
1351 8 1051+304~4
105 4 118 (m) 1049+304 -2
140 5 1209+148 -6
148 30 F 155 (s) 1354 24 F(?) 1355 (8}
296 10 2%148 1368 38 F(?)
204 43 F 308 (g) 1370 40 F(?)
448 6 3x148+4 1375 25
304+148 -4 1391 10
541 2 1403 5
570 1 1456 20 1162+304+10
598 2 4x148+6(?) 1302+148+6
1307+148+1
602 4 2% 304 -6
1485 15 712+1783+10 1478 (m)
709 8 1327+148+10
712 28 F 710 (s) 1345+148 -8
1511 5 1354+148+9
114 > 1209 +344+2
8
9 1520 7 1368+148+4
783 12 F 783 (m) 1370+148+2
856 2 712+148 -4 1527 20 1375+148+2
931 3 783 +148 1530 12
936 18 F 943 (s) 1534 22
940 14 1556 50 F (?) 1552 (s)
944 4 1560 28
961 10 F 970 {m) 1568 20
974 2 1571 20
984 9 ¥ 987 (m) (w) 1577 20
996 6 993 (m) (w) 1584 50 F (?) 1588 (s)
2+ 30 8 -
1017 3 n 4 1018 (w) 2Absolute accuracy of 0—0 position is =4 em™,
1049 18 F 1052 (w) bAv—frequencies relative to electronic origin, Accuracy
+2 em™!
1 .
1051 4 ¢ —relative peak intensity., Accuracy +25%.
1090 2 940+148+2 9F_ fundamental vibrations.
*When pairs of Fermi resonances are exhibited, the lowest
8 961 +148 — 1109
110 10 1+148-1 m) frequency component is arbitrarily labeled as the fundamental.
1162 80 F 1161 {m)
1209 50 F 1210 (m)
1291 11 broadening in the isolated molecule. We were able to
1300 8 observe and analyze the vibrational level structure of
the Sy~ Sf transition up to excess vibrational energies
1302 32 1297 (s) _ -1 A
of E,=1600 cm™. Inthe spectral range 5050~5570 A
1307 7 a “spectroscopic desert” is exhibited, the LIF spec-
1311 12 trum being extremely weak and practically devoid of
nced structure.
1314 22 1162+148+4 any pronod
1319 20 IV. A THERMAL DECOMPOSITION PRODUCT
1327 30

The spectra produced by heating the H,P sample in
the nozzle chamber to 330 °C were free from thermal

J. Chem, Phys., Vol. 77, No. 8, 1 November 18982
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decomposition products. Heating the nozzle to 370-
390 °C resulted in the appearance of new spectral fea-
tures, whose intensity gradually increases when the
nozzle is maintained at these elevated temperatures.
Figures 3 and 4 demonstrate the appearance of the new
spectrum in the energy range below the 6127.5 A origin
of HyP (Fig. 3) and in the vicinity of the 304 cm™ vi-
brational excitation of H,P. These new spectral fea-
tures, which appear together with the spectral features
of H,P, are obviously due to a thermal decomposition
product (TDP) of H,P. In Table IV we list the positions
together with rough estimates of the intensities of the
spectral features of the TDP. As no additional discrete
spectral features were observed at wavelengths below
6285 A, we assigned the intense 6284. 5 A to the elec-
tronic origin of the TDP. The TDP is identified as

the free-base chlorine (H,Chl) on the basis of the com-
parison of its vibrational level structure with the vi-
brational excitations of H,Chl in a Shpolskii crystal. !®
As is apparent from Table IV, the vibrational level
structure of the TDP is practically identical with that
of H,Chl, It will be interesting to compare the vibra-
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o
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z W
<
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Z
= T=370°C ?f
T=330°C
I | Lo | | 1
6100 6150 6200 6250 6300

WAVELENGTH (&)

FIG. 3. Fluorescence excitation spectra of the thermal decom-
position product of HyP. The spectrum produced by heating the
nozzle chamber to 330°C (lower curve) reveals only very weak
features on the long-wavelength side of the electronic origin of
H,P, which is marked 0-0 H,P, Heating the nozzle to 370
(middle curve) and 380°C (upper curve) reveals the spectrum

of the thermal product, which is assigned to Hy~chlorine (see
the text), whose origin is marked by 0—0 H,Chl,
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FIG. 4. Fluorescence excitation spectrum of the thermal de-
composition product of H,P in the range 6000~6040 A, The
gpectrum produced by heating the nozzle to 330°C (lower curve)
reveals the 296 and 304 cm™ vibrational features of HyP, which
are marked by numbers in brackets. Heating the nozzle to
370°C (upper curve) reveals new spectral features of the Hy,—
chlorine (see the text),

tional level structure of TDP with H,P. Three features
of the vibrational level structure (Fig. 3) of the TDP
should be noted in this context, First, the relative in-
tensity of the 150 cm™ vibration is low in contrast to the

intense 148 cm ' vibration of H,P (Table II). Second,
a weak feature at 352 cm™, which is absent for H,P,
Third, the single intense 710 cm™ feature of H,P is
replaced by the pair 716 and 726 cm™ in the TDP.

TABLE IV, Fluorescence excitation spectrum of the thermal
decomposition spectrum of free-base porphine. Electronic
origin of free-base porphine at 6127.5 A,

Hj-chlorine in n-hexane

Spect: i i
pectrum in supersonic jet crystal (Ref. 19)

Wavelength (&) Av (em™) Av (em™)
6284.5 (s) 0 0—0
6255.0 (vw) 75

6226.2 (w) 150 152 (w)
6172,0 (w) 290

6170.1 (m) 295 288 (s)
6168,0 (s) 301 303 (s)
6163.5 (w) 312

6148.5 (w) 352 355 (vw)
6013,9 716 713 (8)
6010.0 726 721 (8)
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FIG. 5. Fluorescence excitation
spectrum in the region 4900-5100 A
of HyP in pulsed supersonic expan-
sions of He. Experimental conditions
as in Fig. 1, The electronic origin
of the Sy— S{ transition is marked
0-0, while fundamental vibrational
excitations are marked by numbers
in brackets (in em™),
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These distinct features of the vibrational level struc-
ture of the TDP are exhibited by H,Chl.'® We thus con-
clude that the TDP is H,Chl, being produced by thermal
reduction of H,P, as originally proposed by Gouterman
et al.™' The electronic origin of the S;~ S transition
of the bare H,Chl molecule is located at 15192 cm™,
The spectral shifts 6v of the electronic origin of H,Chl
in Shpolskii crystals relative to the bare molecule are
somewhat larger than those for H,P. For example,

the combination of the crystal data of Voelker and Mac-
Farlane!® with our assignment of the 0-0 of the S state
of H,Chl results in the values of — 123, — 144, ~ 152, and
~156 cm™ for the spectral shifts of H,Chl in the four
sites of the n-hexane crystal. These red spectral shifts,
originating from dispersive interactions, are larger in
their absolute values than those for the Sy origin of H,P
(discussed in Sec. III). As the oscillator strength of
the Sy~ Sf transition in H,Chl is higher than for the cor-
responding transition in H,P, we expect that in the for-
mer case the contribution of dispersive interactions to
8v will be larger, !™!® providing a dominant contribution
to the spectral shift.

5000 5100

V. THE S, ->{ TRANSITION

Figure 5 shows the fluorescence excitation spectrum
of H,P in the range 4660-5100 A. This spectral range
reveals the appearance of the second §,~ S} electronic
transition. The intense feature at 5029.1 A (19884 cm™)
is attributed to the electronic origin of the Sy~ S} tran-
sition,

Our spectroscopic data provide an accurate determina-
tion of the splitting between the electronic origin of the
S{ and S{ states of the isolated H,P molecule, the elec-
tronic energy gap being AE=3564+4 cm™, Table V
summarizes some of the features of the 0-0 of the sec-
ond electronic transition. The spectral solvent shifts
for the Sy~ S transitions in benzene'! (5v = 682 cm™)
and in chloromethane!! (5v =— 579 cm™) are considera-
bly larger than the corresponding spectral solvent shifts
for the first Sy~ S transition, e.g., 6v=-120 cm™
for benzene™ (Table I). These large red spectral sol-
vent shifts for the Sy~ S} transition of H,P can readily
be understood in terms of dispersive interactions in-
duced by the moderately large oscillator strength

TABLE V. Energetics of the electronic origin of the So— S} transition (the @, band) of free-base

porphine,
Peak Spectral
energy bandwidth
Medium {em™) (em™) Assignment Reference
Supersonic 19884 12 0--0 Present work
expansion He Minor rotational broadening
and homogeneous relaxation
broadening
Gas phase 19550 880 Unresolved vibrational sequence 11
393°C congestion and rotational
broadening?®
ChyCly 19305 520 Unresolved vibrational sequence 11
solution 25°C congestion and inhomogeneous
broadening®
Benzene solution 19201 ~ 500 Unresolved vibrational sequence 11

25°C
broadening®

congestion and inhomogeneous

3The huge linewidths in the bulb gas phase and in solution contain a minor {~ 10 cm™) contribution

from homogeneous relaxation broadening.
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(f=0. 06") for this transition. On the other hand, the
oscillator strength for the S,—~ S} transition (f=0.01'!)
is considerably lower, resulting in small dispersive
contributions to §v, as discussed in Sec, III. We note
in passing that the electronic energy gap between the
8y and S§ origins is expected to be solvent dependent,
as the dispersive contributions to the solvent-induced
spectral shifts are different for these two states.
Thus, a solvent dependent AE does not necessarily re-
flect the manifestations of solvent-induced configura-
tional change.!! On the other hand, blue solvent spec-
tral shifts may reflect the spectroscopic manifestation
of such “chemical effects,” as discussed in Sec, IIIL.

A remarkable general property of the spectral fea-
tures of the second spin-allowed S;— S{ transition of the
isolated H,P molecule (Figs. 5 and 6) is the dramatic
line broadening of the electronic-vibrational excitations
in the S§ manifold, whose widths are A=10~15 cm™,
which exceed by about one order of magnitude the rota-
tional broadening 4 =1,0-1.5 cm™ in the S manifold.
The line broadening in the S} manifold is attributed to
the homogeneous broadening, resulting from interstate
8] - S} electronic relaxation (Sec. VII), The peak in-
tensity of the electronic origin of S} (Figs. 5 and 6) is
roughly comparable (within a large uncertainty of a
numerical factor of ~2) to the peak intensity of the
electronic origin of S} (Fig. 1), while their widths
differ by one order of magnitude. Accordingly, the
ratio between the integrated intensities of the elec-
tronic origins of Sy~ S} and S;— Sf is~10, This very
rough estimate is in accord with the experimental esti-
mates of the oscillator strength of solution spectra, !
i.e., f~0.01 for Sy~ Sf and f~0.06 for S;— S} and con-
curs with the large red spectral solvent shift for the §,
~ 8 origin. Our conclusion concerning the relative in-
tensity of the electronic origins of the S;—~ S{ and S,

-~ S{ transitions of isolated H,P seems to be in variance
with the analysis of the Leiden group, !° who concluded
that for H,P in Shpolskii crystals the peak intensity

of the S,— S5} transition is weak. Further work is re-

quired to resolve this interesting issue,

The dramatic homogeneous broadening of the spectral
features of the S,—~ S} transition (Fig. 5) intrinsically
limits the spectral resolution of the vibrational level
structure in the S} state. Table VI presents a vibra-
tional analysis of the second electronic transition of the
isolated H,P. There is a good agreement between the
energies of the vibrational excitations in the S} and in
the S{ manifold, which enabled us to assign some fun-
damentals in the S{ manifold. The relative intensities
of some of the low vibrational features in the S} mani-
fold are lower than the corresponding vibrational exci-
tations in S{ (see Table Il and VI). Typical examples
are: (i) I=9% for the 148 cm™ mode in S} and I=30%
for the corresponding 148 em™ vibration in S¥. (ii)
1=12% for the 295 cm™ vibration in S{ and I=43% for
the corresponding 304 cm™ vibration in S}, The sim-
ple-minded interpretation of this effect rests on differ-
ent displacements of the origins of the potential surfaces
of S{ and S} along some normal coordinates. On the
other hand, as the S} origin is closer to the intense
Soret band than is the S origin, one may expect that
the Herzberg-Teller vibronic coupling will be more
extensive in the S} manifold. The appearance of the
379 and 410 cm™ features may be due to this effect.
Furthermore, the lowering of the relative intensities
of some of the vibrations in the S} manifold may origi-
nate from destructive interference between the allowed
component and the vibronically induced component of
the transition moment. 2°

VI. ELECTRONIC RELAXATION FROM THE S STATE

Individual vibrational excitations in the ST manifold
at excess vibrational energies E,=0-1600 cm™ were
selectively photoexcited and their decay lifetimes 7
were determined by monitoring the time-resolved emis-
sion (Fig. 6). The lifetime of the electronic origin of
the S} state was found to be T=1121 ns. The pure ra-
diative lifetime 7, for the S state, estimated from the
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TABLE VI. Vibrational level structure in the S{ state {the @,
band) of free-base porphine in supersonic expansions of He.

Electronic origin of S{ at 19884 cm™, %

Frequencies in

SY state Sf state
Av® Av
(cm™) Ie Assignment? (ecm™)
0 100 0-0

148 9 F 148

295 12 F 304

379 g

410° 10

773 m 783

984 m 984
1049 m 1049
1098 s 1108
1173 s 1162
1219 s 1209
1298 w sh 1300
1320 m 1319, 1322
1397 w 1391, 1403
1442 5 1456
1527 w sh 1520, 1527, 1530
1540 s F 1556

2Absolute accuracy of 0—0 position is +4 cm™,

1

bAv—frequencies relative to electronic origin, Accuracy

+2 em™,

°Relative peak intensity. In the range Av=0-410 cm™ I is
accurate within +25%. For the range Av=750-1540 em™ a
rough estimate of intensities is given in terms of: s—strong
and w—-weak, while sh denotes a shoulder.

dF—fundamental frequency.

®The spectral range corresponding to Ay=450-750 em™ was

not studied.
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integrated oscillator strength, is 7,=120 ns, so that
7/7,20.09 for the electronic origin.

Additional data for the dependence of 7 on E, in the
Si manifold was obtained by excitation of states in the
S? manifold and interrogation of the radiative decay
lifetimes on the nanosecond time scale, The processes
involved are

¥y
st sye) s,

where Si(v) is the initially excited v state in the S}
manifold, which decays nonradiatively on the time scale
7(S})=0.5 ps (see Sec. VII). The S7 state at the excess
vibrational energy E,, produced by internal conversion,
is characterized by the lifetime 7, which is experimen-
tally monitored. The lifetimes of some Sj(E,) states
in the energy range E, = 3564~5050 cm™ obtained from
time-resolved spectroscopy are portrayed in Fig. 6.
The independence of 7 on E, in the S{ states prevails
over a broad range E,=0-5000 cm™, This state of af-
fairs corresponds again in the terminology of part I to
the case of “total independence”, which seems to con-
stitute a universal feature for photoselected vibrational
states in the lowest excited singlet states of porphy-
rins, %5

Vil. RADIATIONLESS DECAY OF THE S} STATE

The energy gap between the electronic origins of the
Sy and ST states is 3564 cm™. Although this energy gap
is quite modest, the density of vibrational states of the
S{ manifold, which are quasidegenerate with the low-
lying S7{ levels, is large for this huge molecule. We
shall provide spectroscopic evidence that the ${-Sy in-
terstate coupling corresponds to the statistical limit.
Quantitative information on the time scale for electronic
relaxation from the S{ state will be obtained.

A cursory comparison between the spectral features
of the §,— S§ transition (Fig. 1) and of the Sy~ S} tran-
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FIG. 7. The electronic origins of the
So— ST and of the Sy— SY transitions
of H,P in seeded supersonic expan-
sions of He. Experimental conditions
A=1.0cm as in Fig. 1. Solid lines represent

ha | s the experimental spectra, Circles
correspond to the fit of the 0—0 of
the So— S} transition to a Lorentzian
line shape.

8124 6[32o
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sition (Fig. 5) reveals a dramatic line broadening of the
electronic-vibrational excitations in the S{ manifold.

In Fig, 7 we portray the electronic origins of the S§
and S{ states, The linewidth of the S} origin is A=1.0
cm™, originating from rotational broadening, while

the linewidth of S} is A =11.9 cm™, being larger by one
order of magnitude than A of S]. This line broadening
of the S} origin and of its higher vibrational excitations
is attributed to interstates of S}—Sj coupling. From Fig.
7 it is apparent that the line shape of the broadened S}
origin is smooth and does not reveal any fine structure.
Accordingly, the S}-S{ coupling in H,P corresponds

to the statistical limit® rather than to the intermediate
level structure. It is apparent that the electronic ener-
gy gap in this huge molecnle is sufficiently large to war-
rant statistical coupling.

Invoking the reasonable assumption that rotational
line broadening in the S{ and S{ states is practically
identical, we can assert that rotational broadening ef-
fects in S} amount to 10% of & for this state and are thus
negligible. We can then proceed to explore the line
shape of the S{ excitations, In Fig. 7 we demonstrate
that the line shape of the S} origin is Lorentzian. Ac-
cordingly, the linewidth 4 =11.9 cm™ of SJ(0) can be
attributed to homogeneous broadening due to the S}~ S}
decay. This quantitative observation of homogeneous
“lifetime broadening” in the statistical limit within a
bound level structure of a large “isolated” molecule is
of considerable interest as the spectroscopic implica-
tions of the statistical limit were not explored previously
in isolated, ultracold, large molecules. From the
practical point of view, quantitative information can be
inferred concerning lifetimes for the ultrafast, elec-
tronic relaxation process. The lifetime of the electronic
origin of S} is 7 =#/A=5%10"'® 5, providing a reliable
spectroscopic determination of the subpicosecond time
scale for intramolecular electronic relaxation of an
individual electronic excitation in a large isolated mole-
cule.

Information on the lifetimes of individual vibrational
excitations in the S{ manifold was obtained from line-
broadening data of Fig. 5. We have selected for this
analysis several vibrational excitations in S}, which
are well separated from neighboring spectral features.
The widths 6 of these vibrational states in the range E,
=0~1500 cm™ above the electronic origins of S§ are
6=10-15 cm™. These values of 5, which considerably
exceed the rotational inhomogeneous broadening, are
attributed to homogeneous broadening originating from
electronic relaxation. The lifetimes 7 =7%/5 for the
electronic excitations in the §§ manifold (Fig, 6) are
practically independent of E,. This total independence
of 7 on E,, which is inferred from energy-resolved
spectroscopy for the $f state, is analogous to the in-
dependence of T on E, in the S manifold.
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The radiationless S} - S} electronic relaxation in
H,P may be unique, involving a photochemical process
due to the rotation of the H-H axis.®# Qur spectro-
scopic relaxation data cannot establish at present wheth-
er this photochemical transformation contributes direct-
1y to the homogeneous line broadening or, rather, wheth-
er it occurs from the vibrationally hot ST manifold pro-
duced via internal conversion. Spectroscopic studies
of photochemical transformations in large, isolated,
ultracold molecules in supersonic expansions will
open up a novel and challenging research area.
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