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The transient absorption spectra and time-resolved resonance Raman spectra of 4-phenylpyridine (4PPY) in
various organic solvents have been measured following pulsed photolysis at 266 nm using nanosecond and
picosecond time resolution experiments. Theald S states are characterized and attributedr4d and

nz* configurations, respectively, in aprotic solvents as well as in alcohols and water. In the presence of
alcohols, both the Sand T, states are reduced to the same transient product\-tmgdro radical 4PPYH

The overall photophysical properties of 4PPY appear similar to those previously found for the diaza analogue,
4,4-bipyridine. Vibrational analyses of the @nd T, states and of the radical 4PPYHre proposed and
compared with results reported in the literature for the neighboring compounds bipheny! ‘abipyridine.

The structure and electronic configuration of these transients are discussed on this basis.

1. Introduction state. More recently, the fluorescence properties of 4PPY were

. . . alternately consideréds governed by the strength of vibronic
The photophysical properties of aza-aromatic compounds arejnteractions between tHerr* and Lrr* states, according to a
mainly governed by the existence of close-lying, vibronically yechanism proposed by Li## in inert solvents both states
interacting or* and zr* levels in the region of the lowest singlet 516 close together and strongly coupled in such a way that fast
(S and triplet (W) excited state$” The energy gap and jnternal conversion (S— So) quenches the fluorescence; in
relative positions of these levels varying with the solvent polarity 5:idic solutions the increase in energy of the* state due to

and protic character, the strengths of the vibronic and-spin  the interaction with the solvent hinders the vibronic interactions,
orbit couplings, and thus the quantum yields of luminescence 5nq the fluorescence is thus enhanced.

and of radiationless processes are generally also strongly solvent |, tne present work we present the first investigation of the

dependent. 4PPY photophysics by transient absorption and time-resolved
The photophysics of 4-phenylpyridine (4PPY) in solution has resonance Raman. Two types of pump/probe experiments
been studied by luminesceric@and time-resolved EPR:The  differing by their time resolution were used: laser flash
long decay times found at 77 K for the phosphorescence signalphotolysis and Raman scattering in the nanosecond to milli-
in methanot-water solution (3 S)or in ethanot-isopentane second time domain on one hand and subpicosecond absorption
ethyl ether (EPA) solution (2.1 $)and for the EPR signal in  and picosecond Raman scattering on the other. These results
ethanol (2.6 s§,are in agreement with théA,(zr*) nature are compared with those reported for the neighboring aromatic

predicted for the Tstate of 4PPY from CNDO/S calculatiofis.  molecules biphenyit =20 4,4-bipyridine2:-27 and 2,2-bipyri-

On the other hand, 4PPY has been found nonfluorescent indine262° Part of the nanosecond Raman results have been
organic solvents such as cyclohexane, acetonitrile, and methanolalready shortly mentioned in a previous review pajer.

but fluorescent in water and in acidic aqueous solution.

CNDOY/S calculatiorfspredict that the Sstate is!B,(nz*) in 2. Experimental Section

4PPY but interchanges with a nearb;(zz*) state in the
protonated molecule 4PPYths the r* level is raised to higher
energy. On this basis and according to El-Sayed’s selection
rules’® for intersystem crossing, the absence of fluorescence
for 4PPY is explaineth as due to a very fast intersystem
crossing (ISC) betweednz* and 3zz* states, whereas the
appearance of fluorescence on protonation is the consequenc
of a much slower ISC betweénz* and 3zx* states for which
first-order spir-orbit coupling is forbidden. The fluorescence
quantum yield in water is found comparable to that in acidic
solution although the molecule is not protonated in the ground
state. The authors conclude that 4PPY protonates in the excite

4-Phenylpyridine (Aldrich) was carefully dried in vacuo to
remove hydration water and sublimated at’80in vacuo prior
to each measurement. 2,2,2-Trifluoroethanol (Lancaster) and
nonfluorinated solvents (Prolabo) were used as received. Water
was doubly distilled and deionized (Milli-Q plus ultrapure water
gystem from Millipore). Transient spectroscopic experiments
in the nano/microsecond time domain were performed on
deaerated, Ar-purged sample solutions at concentrations varying
from 1074 to 107° M (absorption measurements) and fronx 5
1073 to 102 M (Raman measurements). Subpicosecond
Oabsorption and picosecond Raman measurements were carried
out on 5x 1073 to 10* M solutions. These solutions were
not deaerated.

; Corresponding author. . o The transient absorption experiment in the microsecond time
Permanent address: Department of Physics, Poznan University, Grun- ; ige

waldzka 6, 60780 Poznan, Poland. domain has already. been Qescrl dThe pump beam at 248
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2040) and focused on ax1 10 mnt slice of the sample, yielding F 0.06
a 15 mJ/crienergy density per pulse. The probe light (1 mm 0.05 | ./"\
diameter) is provided by a pulsed xenon lamp (Applied L / '\. 360 nm
Photophysics). The detector, a photomultiplier (Hamamatsu 0.04 I w 20ps 003l | ¥
1P28) coupled to a digital oscilloscope (Tektronix TDS540), / 4 .

allows a 0.1us time resolution. Iy \ o1omm

The nanosecond Raman experiment (description in refs 17
and 32) uses the excimer laser for the pump pulse (248 nm, 1
mJ, about 1.5 J/ctn 20 ns), a Nd:YAG+ dye laser system
(Quantel 581C and TDL50) for the probe pulse (355, 370, and J
532 nm, ~10 ns, 1 mJ), a gated intensified diode array (20 ns 01 './u/ ,-/
gate) as detector, and a home-built spectrometer. The spectral
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using a homemade pulse and delay generator. Figure 1. Transient absorption spectra of a deaerated solution of 4PPY
Subpicosecond and picosecond experiments were carried ou{10“ M) in n-hexane at different times following nanosecond laser
by using a Tj—sapphire laser System based upon a Coherent ph0t0|ySiS at 248 nm. The insert shows the kinetic traces taken at 360
(MIRA 900D) oscillator and a BM Industries (ALPHA 1000) ~and 515 nm.
regenerative amplifier. The oscillator can be utilized in two 120
different configurations providing either 90 fs &2 ps pulses z
(1 W), leading after amplification to 100 fs (1 mJ) &2.5 ps . / \
(0.8 mJ) pulses, respectively, at 800 nm (1 kHz) and, after .
frequency tripling (0.5 or 2.0 mm BBO crystals, respectively),
to 100 uJ pulses at 266 nm. The UWisible absorption
experiment, performed in the subpicosecond laser configuration,
has been described in detail previou¥lylt uses the tripled
laser output at 266 nm (3540 uJ, 4.5-5 mJ/cn? per pulse) as
pump pulse, a continuum probe pulse generated at 800 nm, and 30.] //./
an intensified double photodiode array (DILOR) as detector. i
The pump-probe polarization configuration is set at the magic Py
angle. The continuum probe pulse is delayed in time relative \"..fﬁig;asarnﬂ:?ﬂ"*/ '\a*i:‘i
to the pump pulse using an optical delay line (Microcontrol 0 y 00 ¥ =00 i 66—0
Model MT160-250PP driven by an ITLO9 controller, precision Wavelength (nm)
+1um). The overall time resolution (fwhm of the pump/probe
intensity cross-correlation) at a given wavelength is estimated Figure 2. _Transient absorp_tion spec_:tra ofa dea_erated solution of 4PPY
to be about 400 fs from the two-photon absorption risetime in 10+ M)_ in methanol at different times following nanosecond laser
pure hexane. The time dispersion of the continuum light over photolysis at 248 nm.
the 306-670 nm region is about 0.8 ps. The spectra shown in 3 Results and Discussion
this report are not corrected for this dispersion effect. The time . . .
origin is arbitrarily chosen as the maximum overlap of the pump 51 Photophysics of 4PPY in the Nanosecondicro-
and probe pulses at 400 nm: signals in the-5880 nm region seconq Tlme Range.The photophysical behavior of 4PPY in
are delayed (real time t — 400 fs), and those in the 32340 acetonitrile, cyclohexanm—hexane, water, _methanol, e_tha_nol,
nm region are in advance (real timet -+ 200 fs) with respect and 2-propanol was investigated by transient absorption in the

to this reference time. Data were accumulated over 3 min nan_ct)-t.to mltllliecond t|n|1e (1ﬁma|£16§1ﬁerdn£;|1%second _F#mp
(~180 000 pump-probe sequences). excitation at two wavelengths, an nm. ese

’ . . excitation lines fall within a strong absorption band of 4PPY
Raman measurements were achieved in the picosecond 'aseﬁeaking at 255 NMefax ~ 16 000 M1 s71), which corresponds

configuration, the pump and probe beams being the third€247 5 the optically allowed §— S, (z*) transition of lowest

266 nm, 20uJ, 25 mJ/cr per pulse) and second (37800 energy. Comparable results were obtained with both excitations.
nm, 10-20 «J) harmonics, respectively, of the ¥$apphiré  Time.resolved Raman measurements were also performed
fundamental (746800 nm). The pump/probe cross-correlation  fo|jowing photolysis at 248 nm. Figures 1 and 2 show the
fwhm is 5 ps. The probe beam traverses the optical delay line transient absorption spectra recorded at different times after 248
before being focused with a 30 cm lens collinearly to the pump nm excitation of deaerated solutions of 4PPY (A04) in

beam on the Sample contained in a flow cell. The zero time n-hexane and in methanol, respective|y_ trhexane and
position of the experience was determined using the difference cyclohexane the spectra present essentially one band at 352 nm
frequency generation technique between the pump and probeyhich decays with mixed first-order and second-order kinetics.
pulses in a BBO crystal. All spectra are measured at the magic This absorption appears strongly quenched in the presence of
angle. Scattered light is collected at°9@ the incident oxygen. Similar spectra are observed in walgg{= 357 nm)
excitation, passes through a Notch filter, and is dispersed in aand acetonitrileAmax= 352 nm), but their intensity is-34 times
home-built multichannel spectrometer coupled to a CCD optical higher than in alkanes. They are unambiguously ascribed to
multichannel analyzer (Princeton Instrument LN-CCD-1100- the lowest triplet state {Tin regard to their long lifetime and
PB-UV/AR detector+ ST-138 controller). The wavenumber their sensitivity to oxygen. Accordingly, the time-resolved
shift is calibrated using the Raman spectra of indene. Data Raman spectra recorded in these solvents in resonance with this
collection times were 530 min. absorption are assigned to theskate. As an example, part A
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Figure 4. Transient absorption kinetics at 385 nm (upper trace) and
535 nm (lower trace) following nanosecond laser excitation at 248 nm
of 10 M solutions of 4PPY in (A) methanol and (B) 2-propanol.
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Figure 3. Time-resolved resonance Raman spectra of (A) the triplet-
state T 4PPY probed at 355 nm, 30 ns after 248 nm excitation of a
deaerated solution of 4PPY 61072 M) in cyclohexane, and (B) the
N-hydro radical 4PPYHprobed at 370 nm (upper trace) and 532 nm
(lower trace) 500 ns after 248 nm excitation of a deaerated solution of
4PPY (5x 1078 M) in methanol. Solvent bands are subtracted in all
cases.

in Figure 3 shows the triplet-state Raman spectrum of 4PPY in
cyclohexane probed at 355 nm. The spectrum recorded in
acetonitrile is comparable, but, due to the high solvent polarity,
the triplet lines are shifted by a few wavenumbers and additional
weak lines are observed at 1606, 1486, 1320, 1225, 985, and
737 cntl, which are probably due to the cation radical 4PPY
produced by ionization. The photoionization of biphenyl in

W

o . - . . 740 ns
acetonitrile has been observed in similar experimental condi-
tions1517.18 As a confirmation, these additional lines are not JWW
H 1~1f1 1 1Hri n 1 L 1l 1 n 1 L
present in basicified solutions such as acetonitrile/KOH or T T — 750 ot 300

acetonitrile/ triethylamine. On the other hand, a very weak
residual absorption spectrum with bands at 345 and 515 nm is
observed after complete decay of.thﬁ.:l'bsorptlon Im-hgxane times following nanosecond laser photolysis at 248 nm. All spectra
and cyclohexane (15@s spectrum in Figure 1) but notin water  are normalized with respect to the solvent bands which have then been
and acetonitrile. The kinetic trace at 515 nm decays in about subtracted. The band wavenumbers given in the 40 ns spectrum
1 ms and is nearly constant on &80 us time range, indicating  characterize the 4PP¥Hadical. The dashed lines designate the main
that the long-lived species does not proceed from thetdte bands of the T state.

but is formed at very short time.

Figure 5. Time-resolved resonance Raman spectra (probe 370 nm) of
a deaerated solution of 4PPY ¢ 102 M) in methanol at different

a spectrum very similar to that shown in Figure 1 for the T

In the presence of reductors such as triethylamine'- 4,4
bipyridine was found to be efficiently photoreduced in aceto-
nitrile via quenching of the Tstate by electron transfét. In

state. Therefore, theZs spectrum results from the superposi-
tion of absorptions due to the triplet-state and the long-lived
species. Comparable results are obtained in ethanol and

contrast, no photoreduction by triethylamine is observed in the 2-propanol solutions. The time evolution of the two transient

case of 4PPY, probably due to a higher oxidation poterias (
vs Ag/Agh = —2.24 V) compared to that of 4:bipyridine €2
-1.91 V)3

The 2 us absorption spectrum recorded for a methanol 2-propanol (part B) solutions.

species, monitored respectively at 385 nm, where mainly T
absorbs, and at 535 nm, where there is no contribution from
Ty, are displayed in Figure 4 for methanol (part A) and
Figure 5 shows transient

solution of 4PPY (Figure 2) shows clearly two bands at 355 resonance Raman spectra recorded at 370 nm, which is in close

and 525-530 nm. At a delay of 4@s the visible band remains

resonance with the UV absorption bands of both the triplet-

nearly unchanged, but the UV line is less intense and notably state and the long-lived species, at different times after 248 nm

narrower. After 4Qus there is no more change in band shape,

excitation of a 5x 1073 M solution of 4PPY in methanol. A

and a common, slow decay kinetics is observed at all wave- first group of Raman lines at 1474, 1368, 1024, and 940%¢m

lengths. The 4Qs spectrum in Figure 2 characterizes thus a which disappears within 700 ns, corresponds to the triplet-state
single transient species. Subtracting this spectrum from the 2features. A second series of lines at 1576, 1496, 1309, 1213,
us trace after normalization relative to the 525 nm band yields 1177, 982, and 723 cm, not observed in acetonitrile, water,
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and alkanes, are likely corresponding to the species responsible ' ' " ' " '

0,16 |
for the long-lived transient absorption. Subtracting the 740 ns - — 1ps

spectrum from the 40 ns one after normalization with respect ——5ps 4PPY in acetonitrile
to the 1309, 1177, and 723 cipeak intensities leads to a 012 ‘.

spectrum very similar to that shown in part A of Figure 3, which
confirms the assignment of the former, short-lived group of A
Raman lines to the triplet state. Note that the decay times foundg 0,08
from these Raman data are much shorter than those deduced

from the absorption measurements. This effect has been o
commonly encountered in previous combined investigations of 0.04 -2
reaction kinetics by transient absorption and transient Raman
spectroscopie®:2528 |t results from the fact that, because of
the low sensitivity of the Raman techniqgue compared to
absorption, much higher sample concentration and pump energy
conditions are needed, leading to much higher concentrations

in photoproducts and thus promoting multimolecular decay Figure 6. Trans_ient absorption spectra of”_f(M 4PPY in acetonitrile
processes. measured at different delay times following femtosecond laser pho-

. . . tolysis at 266 nm.

The appearance of the long-lived species (535 nm traces in
Figure 4) shows a double, fast (unresolved) and slow, kinetics. [ ' ' ' y ' T
The slow component is almost negligible in methanol and
ethanol but becomes more significant in 2-propanol. It can be 0,06 |- 4PPY in n-hexane
fit by the same kinetics as the decay of the triplet state. To
identify this species, it is worthwhile to consider the photo-
reactivity of 4,4-bipyridine (44BPY). We recently fousei2® 0,04
that the photoexcitation of 44BPY in alcohols results in the 2
formation of theN-hydro radical NGH;—CsHsNH* (44BPYH) <
from two different processes: a slow reaction of abstraction by 0,02
the T, state of a hydrogen atom from the alcohol solvegt (
~10P M~1s™1) and an ultrafast, nondiffusional process involving
the very short-lived excited singlet state (8 ~10° s71) via a 0,00

0,00 L . Lo . . .
300 400 500 600

Wavelength (nm)

AL N I} L 1

mechanism that is not yet clearly understood. The difference 300 ' 200 500 500
in reactivity of the | and S states was attributed to their
different nature £zr* and nz*, respectively). By analogy, we _ ) ) _
ascribe the long-lived species formed upon excitation of 4PPY Figure 7. Transient absorption spectra of M 4PPY inn-hexane

in alcohols to theN-hydro radical GHs—CsHsNH* (noted measured at different delay times following femtosecond laser pho-

Wavelength (nm)

hereafter as 4PPY{ In fact, its double kinetics appearance, tolysis at 266 nm.

the fact that T is the precursor state in the slow process and
that the contribution of this slow process is proportional to the
H atom donor character of the alcoholic solvent, can be
compared to the appearance characteristics of 44BPYH

addition, the long-lived transient absorption spectrum in Figure
2 (40 us spectrum) resembles closely that found for the
44BPYH radical (band maxima at 370 and 540 m%}°> The

acetonitrile,n-hexane, cyclohexane, water, methanol, ethanol,
2-propanol, 2,2,2-trifluoroethanol (TFE), and water/HCI at pH
1 were performed at different times in the-B00 ps range
following subpicosecond excitation at 266 nm. Figures96
show a selection of typical spectra obtained for solutions of
4PPY (102 M) in acetonitrile,n-hexane, water, and methanol,

i - g respectively. In the case of methanol measurements at different
transient Raman spectra of 4PP¥ptobed in resonance with concentrations between 19and 5x 10-3 M were realized.

its two absorption bands fobe= 370 and 532 nm) are displayed o perceptible influence of the concentration on the spectral
in part B of Figure 3. They show very specific resonance g,qiution was observed in this range.

enhancement effects. As discussed further in section 3.5, these The 200 ps spectrum in acetonitrile (Figure 6) presents a
effects and the peak wavenumbers are comparable to thosgjngle hand at 352 nm which corresponds to the spectrum
characterizing the 44BPYHradical?> These spectroscopic  characterized above in the microsecond time scale for the triplet
analogies confirm that the 4PPYFadical is the photoproduct  giate T (4 us spectrum in Figure 1 for example). The 1 ps
formed in alcohols besides the Ftate. Rate constants for spectrum displays two bands at 370 and 575 nm which grow
quenching of T by methanol and 2-propanol of about 06 and narrow slightly from 1 to 20 ps then decay whereas the T
10° and 0.9x 10° M~* s™* were obtained from pseudo-first-  pand appears. The decay at 575 nm and the growth of the triplet
order analyses in alcohol/acetonitrile mixtures. Note finally that absorption can be correctly fit by the same monoexponential
the weak residual spectrum observednithexane and cyclo- kinetics 1, = 100 ps), and an isosbestic point is observed at
hexane after complete decay of thestate (15Qus spectrum 365 nm for delay times longer than 20 ps. We ascribe thus the
in Figure 1) can be also ascribed to tRéydro radical as itis  short-time spectrum to the first excited singlet statefSIPPY.
comparable to the radical spectrum in alcoholsgé@pectrum  The Jack of an isosbestic point at shorter times is due to the
in Figure 2). To characterize the State of 4PPY and to get  jncrease of the Shand itself in the 820 ps time delay as noted
a better insight into the photophysics and photochemical aphove. Inn-hexane (Figure 7), the 3 ps spectrum is comparable
reactivity of this molecule in solution, we have performed time- o that found for the Sstate in acetonitrile and leads essentially
resolv_ed spectroscopic measurements in the picosecond timeg the T, absorption after complete decay (100 ps spectrum).
domain. However, the glifetime is much shortert,, = 22 ps), and
3.2. Photophysics of 4PPY in the Picosecond Time Range. the bands are slightly blue-shifted.fx = 368 and 555 nm).
Transient absorption measurements on solutions of 4PPY inMoreover, in agreement with the results obtained in the nano/
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Figure 8. Transient absorption spectra of £0M 4PPY in water measured at different delay times following femtosecond laser photolysis at 266
nm.
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Figure 9. Transient absorption spectra of 20M 4PPY in methanol measured at different delay times following femtosecond laser photolysis at
266 nm. The Zus spectrum obtained with the nanosecond excitation experiment (same as in Figure 2) is also plotted for comparison.

microsecond experiment, the intensity of the dbsorption be discussed later (see section 3.5). It is worthy to mention
relative to the $spectrum appears notably weakenthexane that no perceptible gain signal is detected. In contrast, no
than in acetonitrile. Similar data are obtained in cyclohexane. satisfying measurement of thg S S, absorption spectrum
Consider now the spectral evolution observed in water (Figure could be made in TFE and in,@/HCI (pH 1) acidic solutions
8). At 1 ps the spectrum appears notably different from those due to a strong gain signal below 450 nm.
found in acetonitrile on-hexane. Its UV band, also peaking The spectra recorded in methanol (Figure 9), ethanol, and
at 370 nm, is prolonged by a broad wing extending on its red 2-propanol show the same evolution as in water at short times:
side from 390 to 450 nm. In the visible region a very broad an initial spectrum with a broad absorption in the 3@%0 nm
band beginning at 450 nm and maximizing beyond 670 nm is region peaking at 370 nm and a second broad signal maximizing
observed. This spectrum evolves rapidly from 1 to 20 ps, beyond 670 nm relaxes in 320 ps to yield the typical S
decreasing in intensity in the 46@50 and 606-670 nm regions spectrum. At longer delay times this §pectrum decays within
and intensifying at 370 nm and in the 56600 nm range. This 50 ps and leads to new absorptions at 350 and 525 nm, which
change leads to a spectrum (20 ps spectrum in Figure 8) withcorrespond to the superposition of thestate and th&-hydro
band maxima at 370 and 575 nm comparable to trep8ctrum radical features, as observed above (Figure 2) in thes?2
observed in acetonitrile antthexane. Then the;Spectrum spectrum obtained by using the nanosecond excitation config-
decays to yield the jTfeatures. The short-time dynamics will  uration. This spectrum is also plotted in Figure 9 for compari-
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T T T

e They are ascribed to thg State as they present nearly the same
decay times as the related-S S, transient absorption spectra.
As a confirmation, the decay of thg-State Raman spectrum
in water, n-hexane, and acetonitrile is accompanied by the
appearance of the typicak Bpectrum. For example, the 150
ps spectrum im-hexane (part A in Figure 10) corresponds
unambiguously to the iTspectrum observed at 30 ns (part A in
Figure 3) although differences in the relative band intensities
are noted, indicative of changes in the resonance enhancements,
as expected from the different probe excitations used in the
picosecond (380 nm) and nanosecond (355 nm) experiments.
The low intensity of the 150 ps spectrum compared to the 10
ps one is consistent with the ratio of the dnd S absorption
strengths at 380 nm (see Figure 7). It results from the lgw T
yield in n-hexane as well as from the fact that the 380 nm probe
wavelength is in much better resonance condition for the S
state than for 7. On the other hand, the 150 ps Raman spectrum
in methanol resembles remarkably the 40 ns spectrum displayed
in Figure 5. It corresponds to the superposition of Raman bands
due to the T state and to the 4PPYHadical, in agreement
with the above results from transient absorption. The time
YT dependence of the different Raman components shows unam-
17501550 1350 1150 950 750 cmt biguously that the 4PPY+radical is produced in parallel to
Figure 10. Time-resolved resonance Raman spectra of solutions of {,o T, species from the Sstate. The photoreactivity of 4PPY

4PPY (5x 1072 M) in (A) n-hexane and (B) methanol, probed at 380 . . - S
nm at delay times of 10 ps (upper trace) and 150 ps (lower trace) " alcohols is thus similar to that recently reported for its diaza

following picosecond laser excitation at 253 nm. All spectra are analogue, 4,4bipyridine?® In both cases an hydrogen adduct
normalized with respect to the solvent bands which have then beenradical is formed partly from the iTstate via a mechanism of
subtracted. The symbol (s) indicates an artifact of subtraction of the H atom abstraction from the alcoholic solvent, with rate
intense methanol line at 1035 cin constants of the order of 1M~ s71, and partly from the §
state with rate constants about 5 orders of magnitude higher. In
the case of 4,4bipyridine, a first analysis, by subpicosecond
transient absorption, of this surprisingly fast process in a series
of alcoholic solvents and in binary solutions suggested a
mechanism of H atom abstraction by thesEte arising within
H-bonded solute/solvent entities via homolytic breaking of the
H-bonded alcohol OH bond. However, in this assumption the
formation of theN-hydro radical inn-hexane and the lack of

son. The evident analogy of the two traces confirms that there
is a correlation between the results obtained in the two
configurations of excitation; i.e., the same overall reactivity is
observed in the two experiments despite quite different excitation
conditions. (The instantaneous photon density of the femto-
second pump is about 25 000 times that of the nanosecond
pump.) In particular, the relative amounts of triplet-state and

radical species produced in the two cases are equal. We ~ . O . .
radical formation in water remained unexplained. More re-

conclude that there is no significant perturbation due to cently. picosecond time-resolved Raman investiodtio the
multiphoton absorption processes in the subpicosecond meas- Y, P Y

urements. The above results show the formation of thatafte radical formed in the isotopically substituted solvents;OB
from S, a.nd of the 4PPYHradical within 50 ps in alcohols and CQXOH indicated that H atom transfer in the Sate results,

Then these two species appear approximately stable on a 53 in the [ state, fr om hydrogen abstraction from the methyl
ps—1 us time range and react on a microsecond time scale. group of the donating alcohol mole_cule. _The much lower rate
However, as seen in Figure 9, theasorption is overlapping constant observed _for the reaction involving thestate can be
the radical spectrum at all wavelengths in such a way that it is SXFIalneddbg thﬁ different ngturr]es of th@fa;:%-rl statEs (Z?e
not possible to determine from these absorption data whether?€!0W) and by the presence in thestate of hydrogen bonding

the radical arises from the; State or it is formed directly in with the solvent, not expected in the State®*
parallel to the $state. We have thus undertaken time-resolved ~ Table 1 gives, for characteristic solvents, thestte absorp-
measurements in the picosecond time scale by resonance Ramalion maxima fmay and the $ lifetime (zs,) determined from
spectroscopy which allows usually a more specific characteriza- the exponential fit of the absorption decay at 570 nm. To
tion of species having close electronic spectra. evaluate the solvent effect on the rate of intersystem crossing,
We have obtained transient resonance Raman spectra of 4PP¥isc(S1—T1), we give also in Table 1 relative values for the T
in n-hexane, methanol, ethanol, acetonitrile, and water, over the quantum yield ¢1,"*). These values are calculated as the ratios
range from 300 to 1800 cm, at various delays from 2 to 150 of the T, band intensity at the end of the kinetics (500 ps
ps using a probe excitation at 380 nm and a pump excitation atspectrum) and of the initial ;Sband intensity estimated by
253 nm. Figure 10 shows the 8 and 150 ps spectra recorded inextrapolating the exponential decay fit of the éhsorption to
n-hexane and methanol. For methanol solutions, a few spectratime zero, normalized relative to the value found for acetonitrile
excited at 400 nm (pump excitation at 266 nm) in the?® ps which is arbitrarily taken as unity. This procedure assumes that
time range appeared similar to those excited at 380 nm. the Ty and § absorption strengths are independent of the solvent.
Measurements were also performed in the anti-Stokes regionRelative values for the ISC rate constarigsd{®) in the different
(—300 to—1800 cnTl). We could not detect any signal in this  solvents can thus be obtained by weighting the relative T
region even at zero time delay (pump and probe superposed)guantum yield values by the correspondindifétimes accord-
Apart from slight differences in band wavenumbefs (< 7 ing to the relation®y, = tgkssc. These values, normalized
cm™1) and relative intensities, the Stokes spectra found at shortrelative to that found inn-hexane, are given in Table 1.
time (e.g., 10 ps spectra in Figure 10) are similar in all solvents. Similarly, the relative values given in Table 1 for the radical
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TABLE 1: Absorption Peak Wavelengths of the Excited $ and T, States and of theN-Hydro Radical RH*, S; Lifetime, and
Relative Values for the T, Quantum Yield, Intersystem Crossing Rate Constant, and R Quantum Yield of 4PPY in Various
Solvents

solvent Ags, (nm) ATZ5 (nm) e (al10)) 75,2 (PS) @b kiscele Dgpre'd
CHsCN 370, 575 352 100 1.0 0.81

CeHia 368, 555 352 345,515 22 0.27 1.0 0.2
H.0 370, 575 357 84 0.9 0.87

CH;OH 370, 575 355 355, 530 28 0.3 0.87 1.0
2PrOH 370,575 355 355, 530 30 04 0.93 0.6

aValue established from monoexponential decay fit of the of thatBorption (accuracy5%). ® 133, {t=500 ps)IzLs,{t=0) ratio normalized
wih respect to the value in acetonitrifedr,/zs, ratio normalized with respect to the value fhexaned IR (t=500 ps)lgl,, (t=0) ratio
normalized with respect to the value in methanol.

TABLE 2: Observed Resonance Raman Frequencies (ci) and Assignments of the Ground State (§, First Triplet State (T 1),
N-Hydro Radical (RH*), and First Excited Singlet State ($) of 4PPY; Corresponding $ and T; Raman Frequencies of Biphenyl
(BP) and 4,4-Bipyridine (44BPY) and the Raman Frequencies of the 4,4Bipyridine N-Hydro Radical (44BPYH*) Are Also
Given for Comparison

ground state & triplet state T N-hydro radical RH singlet state S
mode 4PPY BP 44BPYP 4PPY¢ BP 44BPY® 4PPYHf 44BPYHY 4PPY"
8a 1612 1612 1607 1562 1570 1544 1636 1650 1570
1587 1597 1589 1574 1587
19a 1513 1507 1511 1465 1476 1471 1495 1506 1482
1480 1482 1487
13 1283 1285 1297 1366 1366 1377 1809 1337 1291
9a 1235 1190 1219 1205 1207 1212 1228 1181
1188 1176 1218 1178 1198 1139
18a 1044 1030 1088 940 964 1014 1033 1058 1025
(1020) 1040 1099 1027
12 1003 1003 1000 984 985 984 997 963
(1020) 1008 1038 1027 1015 1019
1 748 742 756 724 740 710
987 965 989 963 967
6a 332 315 315 334
610 609 607 590

aFrom ref 11 (values in italics correspond to the nonsymmetric out-of-phase compoREris).ref 27 (values in italics correspond to the
nonsymmetric out-of-phase componentsgolventn-hexaned From ref 18 (solvent-hexane) & From ref 25 (solvent acetonitrile) Solvent methanol.
9 From ref 22 (solvent methanol) Solventn-hexane! Band specifically enhanced on excitation at 532 nm in resonance with the visible absorption.
i Band specifically enhanced on excitation at 370 nm in resonance with the UV absorption.

guantum yield Prn."®) are calculated as the ratios of the radical phenyf®4%and 44BPY2741and their complete assignment has
visible absorption intensity at 500 ps and of the initialdand been straightforwardly made by analogy. We do not present
intensity, normalized relative to the value in methanol. As- this assignment here. They Sibrations given in Table 2
suming a nondiffusional H-abstraction process, a first-order rate correspond to the 15 fundamental modes, excepting the CH
constant ok, ~ 2 x 101°s71 is estimated from the change in  stretches, which remain totally symmetric in the copla@ar
S lifetime on going from water to the alcohol solvent, according symmetry found (see below) for the transient specigsS],
to the relationk, = [rs,(alcohol) — zg (water)] ™. and RH. These are the inter-ring stretch (mode 13) and, for

3.3. Vibrational Analysis of the § and T States of 4PPY each ring (phenyl and pyridyl), seven in-plane vibrations that
and of the 4PPYH Radical. Table 2 gives the frequencies are symmetric relative to th€; axis (8a, 193, 9a, 18a, 12, 1,
and assignments of the resonance Raman bands observed fand 6a). In the centrosymmetric molecules, biphenyl and
the Ti-state, $-state, andN-hydro radical of 4PPY and the 44BPY, coupling between the two rings yields, for each ring
corresponding ground-state vibrational features. The resonancanode, one totally symmetric (in-phase) component and one
Raman bands reported for the Ftate of the neighboring  nonsymmetric (out-of-phase) component (indicated in italics in
molecules bipheny? and 4,4-bipyridine (44BPY)> and for Table 2). In 4PPY, the benzene and pyridyl vibrational
the N-hydro radical 44BPYH?2 and the related (Ssomponents components having comparable energies, couplings also take
are also given in Table 2 for comparison. The notation adopted place, and the two components of each ring mode can be
for designating the vibrations is that proposed by Varsanyi for considered as analogous to the above in-phase and out-of-phase
monosubstituted benzen®salready employed for pyriding;” components. Nevertheless, both are totally symmetric. This
biphenyl}”18and 44BPY222> Since the Raman spectra of the analogy is confirmed by the following observation: in biphenyl
transient states;ST;, and 4PPYH are probed in resonance and 44BPY, the in-phase (totally symmetric) components of
with strongly allowed electronic absorptions, the scattering the ring distortion modes 1 and 6a are shifted down by about
process can be considered as FranCkndon controlled. 230 and 300 cmt, respectively, relative to the value in benzene
Accordingly, only the totally symmetric modes along whose or pyridine, due to a strong coupling with the totally symmetric
coordinates the resonant excited-state potential is displaced arénter-ring stretching mode 13, whereas the out-of-phase com-
expected to show a notable resonance Raman activity. ponent is unaffected (see Table 3fi®@quencies). A rigorously

As bipheny#® and 44BPY2” S 4PPY is probably twisted in ~ similar behavior is observed for the components of modes 1
solution (symmetryCy) due to steric hindrance by hydrogen and 6a in 4PPY.
atoms in position ortho to the inter-ring bond. The IR and  The triplet-state Raman spectrum of 4PPY (spectrum A in
Raman spectra of (S4PPY resemble closely those of bi- Figure 3) is comparable concerning its resonance activity to
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the spectra found for bipher§t1® and 4,4-bipyridine?*25in whichever the probe excitation, are indicative of a planar
resonance with their respective T, absorption bands (370  structure ofC,, symmetry for 4PPYHas for 44BPYH.
and 340 nm, respectively). It shows six peaks in the-300 Finally, the S-state Raman spectrum of 4PPY (10 ps spectra
1800 cnt! region. Five of them can be associated straight- in Figure 10) shows eight bands in the 3QB0O0 cnT? region.
forwardly to five of the eight totally symmetric modes of the They can be straightforwardly ascribed to the ring modes 8a,
Dan structure of T biphenyl and T 44BPY and are assigned  19a, 9a, 18a, 12, and 1, and to mode 13, by analogy with the
by analogy to the “in-phase” component of modes 8a, 19a, 18a,ground-state spectrum. Only mode 9a presents distinctly two
and 12 and to mode 13. Only one peak at 1027 coannot components at 1181 and 1139 chwhich correspond to the
correspond to an “in-phase” component and is ascribed to one“in-phase” and “out-of-phase” components. As in thesTate,
of the “out-of-phase” components expected in this region (18a, the ring vibrations are notably shifted to lower frequencies with
12, or 1). lIts definitive attribution is not possible without the respect to the Sstate, as expected from the presence of an
help of additional data from isotopomers. The dominant activity electron in ar* orbital. These shifts are not very different from
of the “in-phase” components denotes a nBarsymmetry for those of the Tstate. However, an essential difference between
T1 4PPY which indicates that the two rings are coplanar and the Ti and § spectra concerns the frequency of mode 13.
structurally and electronically similar. The most intense lines Whereas this mode was shown above to be the most sensitive
are, as in the case of biphenyl and 44BPY, due to modes 8a,t0 the § — T transition with a 83 cm' shift to higher
19a, 13, and 18a. Modes 9a and 6a, extremely weak in thefrequency, it appears almost insensitive in tge-SS, transition.
spectra of biphenyl and 44BPY, are not detected for 4PPY. The inter-ring bond remains thus essentially a single bond in
Mode 1 remains unobserved for the three molecules. Thisthe S state. Therefore, no delocalization is to be expected
analogous resonance Raman activity indicates that similar Petween the two rings and, although no out-of-plane vibration
structural distortions take place in the three molecules on goingi$ detected, a nonplanar conformation of &PPY with a
from the T, state to the resonant, Eind thus that the ;7— T, S|gn|f|car_1t inter-ring twist angle is noF |mpr_oba_1ble. _These
transition around 350 nm has the same origin in all cases. TheOPServations suggest that the electronic' excitation might
T, frequencies of 4PPY, biphenyl, and 44BPY are comparable be Io_callzed in the pyrldyl_ ring whgreas_ itis delocalized on the
(see Table 2). The main variations on going frogt®&T; are two rings through th_e quinoidal dlstortlo_n in thg §tat(_a. In
the decrease in frequency of most of the ring modes and the_th's respect, the radical structurg for which the mter-nn_g bond
increase by 83 crt of the frequency of mode 13 (81 and 80 is only weakly strengthened relative to the grounq state is cI_oser
cm! for biphenyl and 44BPY, respectively) which contains a tothe § structure tha_n to thelTone_. A more _deta_|led analysis
large contribution of the inter-ring stretching coordinate. These of the 5 and , vibrational properties, including time-resolved
shifts characterize a decrease of #hbonding on the rings and Ramgn_ measurements at d|ff_erent_ pr_obe wavelengths _and
a strengthening of the inter-ring bond, i.e., the appearance of aso_phlst_mated quantum calculations, s in progress to confirm
quinoidal distortion, comparable in the three molecules, which this point. ]
confirms the coplanar conformation of the 3tate. 3.4. Nature of the Excited § and T, States A mz*

The Raman spectra of the-hydro radical 4PPYM(part B configuration derived from that of biphenyl has been proposed

in Figure 3) are comparable to those previously obtained for for the T, state of 44BPY from electron paramagnetic reso-

; PR ) nancé? and transient Ramah data. The above-mentioned
the N-hero radical of 4,4b|pyr|qllne (44BPYH) in _regard to resemblance of the;Istate Raman spectra of 4PPY, biphenyl,
the activity, the peak frequencies, and the relative resonance

. . . and 44BPY (resonance activity and frequency variations relative
intensity enhancements. As seen in Table 2, except for modeto S) indicates undoubtedly that;T4PPY has also ar*

6a which is very weak in 44BPYHand is not detected in  qdouration derived from that of triplet biphenyl, characterized
4PPYH, the Ramgn activity is strllctly similar in the two rad|cals. by a nea coplanar conformation of the rings and a quinoidal
The observation in both cases, in contrast to thepecies, of gjstortion with significant increase of the inter-ring bond order.
two components for modes 8a, 9a, 12, and 1, one being as 5 confirmation, the T— T, absorption of 4PPY presents a
resonance enhanced upon UV probing and the second upomhotaple analogy with that of biphenyldax = 370 nm,zy, =
visible probing, is indicative of two significantly dissimilar rings.  130,s in hexane at 300 ®13 and of 44BPY fmax= 340 nm,

In particular, a much larger splitting is noted for mode 8a in 7, = 70 us in acetonitrile at 300 ®23. This conclusion of
theN-hydro radical (62 cm*in 4PPYH, 63 cntin 44BPYH) azzr* nature for the T state of 4PPY is in accord with previous

than in the parent Sspecies. According to the previous analyses from phosphorescehtand EPR measurements and
discussion reported for 44BPYf# the lower and higher energy  with CNDO predictiong.

components can be considered as mostly localized in the  geyeral experimental features, which we discuss below, lead
nonprotonated and protonated rings, respectively, the high ;s {5 consider that the;State of 4PPY is essentially oftf

frequency of the protonated pyridyl component being typical character in all the solvents investigated in this work apart in
of a pyridinium configuration. This differentiation of the two  TFE and in HO/HCI solutions. A first essential point is the
rings is analogous in 4PPYHand 44BPYH, which accounts  resemblance of the;@bsorption spectra in alkanes, alcohols,
for the similarity of the resonance Raman spectra. The \yater, and acetonitrile: after the spectral relaxation observed
frequency differences observed for the remaining vibrations jn 3 0—20 ps time range, which will be discussed later, the S
(19a, 13, 18a) between the olecule and th&l-hydro radical  spectra in protic solvents such as methanol (10 ps spectrum in
are weak and cannot be interpreted, even qualitatively, in termsfFigure 9) and water (20 ps spectrum in Figure 8) are nearly
of structural distortions without the help of further analyses by identical (bands relative intensity and position) to that in
quantum calculations. We suggest nevertheless that the positiveacetonitrile. A comparable spectrum is also observed in
frequency shift of mode 13426 and+40 cnT? for 4PPYH nonpolar alkanes (3 ps spectrum in Figure 7), despite a 20 nm
and 44BPYH) relative to the parent molecule, though much blue shift of the visible band ascribable to solvent polarity
smaller than that found in the, Btate, reflects some reinforce- effects. Such a shift has been observed for thset&e of 4,4
ment of the inter-ring bond. This conclusion and the lack of bipyridine on going from polar to nonpolar solveAts.Simi-
out-of-plane mode active in the resonance Raman spectra,arly, the same Sstate resonance Raman spectrum is found in
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water, methanol, ethanol, acetonitrile, anehexane. This 4PPY in water is not clear. As regards to the strong intensity

ensemble of spectroscopic observations shows undoubtedly thaof the transient absorption spectra ascribed above to;th@at

the geometry and electronic structure, and thus the nature, ofand according to the high reproducibility of the measurements

the S state of 4PPY are similar in these solvents. In particular, which have been checked repeatedly, the characterization of
hydrogen bonding of the ground-state molecule in alcohols and the S state and its related lifetime analyses cannot be contested.

water does not affect the nature of thesHate. The discrepancy mentioned above could eventually result from

There is a manifest resemblance between thab8orption differences in sample concentration between the two experiments
spectrum of 4PPY and those found for 44BP¥,4 = 374, since it is known that aromatic hydrocarbons may form
580 nm in acetonitrile) and 22BPYifax = 363, 530 nm in aggregates in solution depending on their concentration. How-
acetonitrile) which have been ascribed to*rstates?® On the ever, this point cannot be checked as no indication of sample
other hand, the §7zr*) spectrum of biphenyl, characterized by ~ concentration is given in the report of Hotchandani and Testa.
a strong visible band at 655 ikf3and a weaker one at 395 3.5. Short Time Dynamics in Water and Alcohols. As

nm/3 is notably different. These observations suggest-a S mentioned above, the decay of the-sfate absorption is
state mr* character for 4PPY as for 44BPY and 22BPY. preceded at short time by a solvent-dependent spectral evolution.
Another indication in favor of this conclusion is the resemblance In acetonitrile (Figure 6), a small absorption increase of the S
of the § absorption and resonance Raman spectra with theband maxima takes place between 1 and-26 ps. In
corresponding spectra of tiNehydro radical 4PPYM In fact, combination with this rise in intensity, a slight band narrowing
from simple molecular orbital considerations, the electronic is perceptible on the red band edge which results in an intensity
configuration of the n* S; state is expected to be analogous, decrease in the band wing regions 4@B0 and 626-650 nm.

concerning ther electron distribution, to that of thN-hydro These effects are typical of vibrational relaxation processes. As

radical or of the anion radical (aft orbitals occupied and one a matter of fact, since an upper statg(z&*) is initially

ar* electron in the lowest unoccupied orbital). populated on excitation, hot@wr*) species are likely produced
Consider now the dependence of the IBetime and T by internal conversion and vibrational cooling is expected. In

quantum yield on the solvent nature (Table 1). As was observedn-hexane (Figure 7), the, 8fetime being much shorter (22 ps),

for 44BPY and 22BP¥S the § lifetime of 4PPY ¢s, < 100 the 1-20 ps spectral evolution is dominated by the decay of
ps) is much shorter than the, State of biphenyl (16 ns in  the S population.

n-hexane at 300 K) in all solvents. This shortness is consistent In contrast, the short-time dynamics in water and alcohols is
with the low yield of fluorescence of the aza-aromatic deriva- characterized by large spectral changes (Figures 8 and 9). The
tives. Although the g lifetime varies from 20 to 100 ps visible absorption undergoes a notable frequency shift from a
depending on the solvent, the relative vallkgg™, calculated region beyond 650 nm (1 ps delay) to the final position at 575
for the rate constant of intersystem crossing is not significantly nm (delay=> 10 ps). This effect may be either a real shift of
solvent dependent. ISC is thus not the process responsible fothe § band profile or the result of the decay of an initial
the fluctuations of the Slifetime in the different solvents.  precursor band in the IR region in parallel to the rise of the S
Absolute T; yields are not known, but assuming a maximum band. The short time dependence of the UV band profile is
value (in acetonitrile) of the same order than those reported for less pronounced but can also be perceived either as a substantial
2,2-bipyridine @+,= 0.83°) or biphenyl (1,= 0.84"%) allows narrowing of the red band edge or as the decay of a second
an estimate of the ISC rate constaktc = P/, of about absorption component present as a shoulder in the-480

0.8 x 10°°s71, Such a high §— Ti(zz*) rate is consistent nm region. These effects indicate the existence of a short-time
with a nr* configuration of the $state in regard to El-Sayed’'s  relaxation process specific to the protic solvents. Their

prediction that fast ISC must occur betweetf and z* states interpretation must account for this solvent specificity and for
of N-heterocyclics due to allowed spiorbit coupling and the fact that the relaxed; @&bsorption spectrum is comparable
favorable FranckCondon overlaps. to that directly obtained in aprotic solvents. It is unlikely that

In summary, the absence of Significant gain SignaL the fast vibrational relaxation of a hot Sstate is responSible for the
ISC rate constant, the nearly independent magnitude of this Observed spectral evolution at short delay times since it cannot
constant upon the solvent nature, and the similarity of the S €explain the considerable difference of behavior between aprotic
absorption and resonance Raman spectra in all solvents confirnind protic solvents. A reduction of the vibrational relaxation
unambiguously that thesrt nature of the $ state of 4PPY effect is rather expected in protic solvents if we consider that
remains unchanged on going from alkanes to alcohols, aceto-the Inz* state is less stabilized than in aprotic solvents. This
nitrile, and water. In contrast, the appearance of a strong gain conclusion is consistent with the fact that no anti-Stokes Raman
spectrum in the acidic TFE and water/HCI solutions suggests intensity could be detected in the-20 ps time range. The
that, due to strong hydrogen bonding or even excited-state Solvent dependence suggests that hydrogen bonding plays a role
protonation of 4PPY, thexrt character of the Sstate is lowered ~ in the relaxation process. A possible explanation is that of
to the benefit of anz* configuration for which ISC to the  reorganization of the solvent cage in the Sate. In fact,
Ti(*) state is expected to be much slower. These results Whereas the ground-state; &nd the initially excited-state
are thus in disagreement with the report by Hotchandani and Sw(7zr*), zwitterionic in nature, are stabilized by the formation
Testd stating that 4PPY fluoresces in water with the same yield Of a hydrogen bond between the lone pair orbital of 4PPY and
(®r = 0.19) as in acidic mediad{z = 0.20). The authors  the protic solvent, in the fh*) state the lone pair orbital is
conclude that excited-state protonation of 4PPY takes place indepleted of an electron, eliminating the possibility of hydrogen
water as in acidic media, resulting in an inversion of close- bonding. The short time dynamics observed in water and
lying ni* and zzr* states. In this hypothesis the Sate should ~ a@lcohols can thus be due to the relaxation of the 4BPY/
be equivalent to the ;§zz*) state of biphenyl ¢ = 0.1&9), solvent cage] conformation accompanying the break of the H
and a $lifetime of a few nanoseconds should characterize 4PPY bond.
in water, which is in manifest contradiction with our observa- An alternative explanation is that the observed short time
tions by transient absorption and resonance Raman. The reasospectral change in water and alcohols corresponds ta,the’$
of this discrepancy concerning the photophysical reactivity of — S;(nz*) electronic relaxation itself. In fact, since hydrogen
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