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The photophysical properties of the singlet)(8nd triplet (T;) excited states op-aminobenzophenong-

ABP) have been investigated in various organic solvents using steady-state as well as transient absorption
spectroscopy with picosecond and subpicosecond time resolpt®BP is weakly fluorescent in benzene as

well as in polar aprotic solvents, acetonitrile, DMSO, and DMF, but nearly nonfluorescent in cyclohexane
and methanol. In cyclohexane, the Sate has thex* configuration and is short-livedr[S;) ~ 12 ps]. In
methanol, a polar and protic solvent, thes&te is much shorter-lived [S;) < 1ps, and hence, we have not

been able to detect any transient, even in subpicosecond time scale] because of the formation of an
intermolecular hydrogen-bonded complex with the solvent. In all other solvents; tiat€ has ax* or CT
configuration and, hence, is much longer-livedLQO0 ps). The triplet yield is much higher in nonpolar solvents

than in polar solvents but the lifetime shows the reverse trend. In nonpolar solventsstateTs an equilibrium
mixture of the states havingz* and wzr* configurations because of their close proximity in energy, and it

is photochemically reactive toward hydrogen-atom-abstraction reactions. In polar solvents, stiageTis
unreactive because of itst* or CT character. A comparison has also been made among the photophysical
properties of benzophenone (Bpyhydroxybenzophenon@{HOBP), andp-ABP.

Introduction groups, such as OH, OGHand NH, onto the aromatic rings

In aromatic carbonyl compounds, the energy gap between pf benzophenone, the relative positions ofihé andzz” states

the lowest excited singlet and triplet states is small, and these!" either the singlet or the triplet manifold are "'?“_g_e'y affected
electronic states are strongly coupled via spinbit interaction. by th? solvent polarity, and hence, the reac.twltles Of these
Hence, the intersystem-crossing (ISC) process producing thesubstltuttitflbenzophenones vary greatly in different kinds of
triplet state can compete kinetically with the other processes, .solven.ts‘? . The triplet states of ben;ophenone and many of
such as internal conversion (IC) and fluorescence emission, 'S derivatives are capable of abstracting a hydrogen atom from
originating from the singlet excited state. This results in a large & variety of sub'strate molecules, !nclu.dllng hydrocarbons,
triplet yield because of the efficient and ultrafast ISC process 2/cohols, and amines, with about unit efficieriéyHowever,
for aromatic carbonyl compounds in solutibaln the case of 1S @mino derivativep-aminobenzophenon@-{ABP), is com-
benzophenone (BP), the parent of the aromatic carbonyl pletely unreaptlve toward alcohols and even less reactive toward
compounds, the quantum yield for the State is close to unity; ~ any other kind of solvents and molecufésSuch a low
hence, this state not only participates in the major relaxation Photoreactivity ofo-ABP has been correlated to ther* or CT
pathway of the excited molecule to the ground state, but also is character of the Tstate? 10134
responsible for all of the major photochemical reactions of In our earlier studies on the spectroscopic properties of
BP3-6 hydroxy-substituted benzophenones, we reported that the excited
One of the most important and widely studied photochemical triplet states op-hydroxybenzophenon@g{OBP) in nonpolar
reactions undergone by aromatic carbonyl compounds is solvents, having thax* configuration, is capable of abstracting
photoreduction by hydrogen-atom donors. The rate, efficiency, a phenolic hydrogen atom from another parent molecule,
and mechanism of this reaction have been shown to depend orforming ketyl- and phenoxy-type radicafsin polar but non-
two main factors-the electronic configuration of the; Btate hydrogen-bond-forming solvents, such as acetonitrile (ACN),
and the identity of the hydrogen-atom don@r$in these com- the energy level of the high-lyingz* triplet state comes closer
pounds, three types of excited states having different electronicto that of thenz* state, and hence, they remain in thermal
configurations, namelyy*, 7z* and charge transfer (CT), both  equilibrium during their lifetime. Because of the presence of
in the singlet and in the triplet manifold, have been identified the nz* state, the hydrogen-atom-abstraction reaction has also
as being responsible for differences in their photophysical and been observed in this solvent. The* triplet excited state of
photochemical behavioPsThe S and T, states of BP have been  this ketone is capable of abstracting the phenolic proton from
shown to have amz™ configuration in almost all kinds of  another molecule in the ground state. However, the triplet state
solvents, including nonpolar and polar, as well as hydrogen- is short-lived in hydrogen-bond-forming solvents, such as
bonding® However, after the substitution of electron-donating alcohols, because of the strong association between the ketone
and the solvent via the formation of a hydrogen-bonded
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alcohols and other hydrogen-bond-forming solvents, e.g., di- ethanol and methylcyclohexane (MCH) glasses at 77 K using a
methyl sulfoxide (DMSO) andll,N-dimethylformamide (DMF), Hitachi model F-4010 fluorescence spectrometer equipped with
the energy level of thas* triplet state ofp-HOBP, which has a phosphorescence accesséfZ. and'H NMR spectra were
an unsymmetrical charge distribution because of the electron-recorded at room temperature using a Bruker Avance 300 FT
donating properties of the OH group and has been assigned byNMR machine.
Porter et af. as the CT state, is well below that of timer* The picosecond transient absorption spectrometer has been
triplet state. Also, the triplet yields in this class of solvents have described in detail elsewheteSteady-state fluorescence spectra
been found to be very low (in methangk ~ 0.2), as compared  were recorded with this same setup by blocking the probe light,
to that in nonpolar solvents (e.g., in cyclohexafie= 0.9) and the fluorescence yields were determined by comparing the
because of the efficient radiationless relaxation process takingareas under the fluorescence curves with that of a standard,
place from the singlet excited state via the-B stretching pentaphenylfullerene-2-ol (PPF), under the same experimental
vibrations in the intermolecular hydrogen bond. Also, the conditions. The fluorescence quantum yield for PPF in benzene
quenching of the singlet excited CT state via the proton-transfer solution has been reported to be &7.0-3.17 Transient species
reaction to the solvent, which leads to the formation of the surviving beyond 100 ns were studied by monitoring the optical
phenolate ion, might be another reason for the low triplet yields. absorption using the same picosecond Nd:YAG laser for
In the case ofp-HOBP, the substituent group, OH, may not excitation and a continuous-wave tungsten lamp, in combination
be a sufficiently strong donor to ensure complete charge transferwith a Bausch & Lomb monochromator (35800 nm) and a
from the phenolic moiety to the carbonyl group to form a pure Hamamatsu R928 PMT, 500-MHz digital oscilloscope (Tek-
CT state. However, the substitution of amino or substituted- tronix, TDS-540A) connected to a PC. Using the same setup,
amino groups onto the aromatic rings of benzophenone possiblybut without the probe light, phosphorescence lifetimes in rigid
ensures the complete charge transfer from the aniline moiety matrixes at 77 K were also determined.
to the carbonyl group, providing perfect CT character to the  Relaxation processes taking place in a time domain faster
mr* state. Porter and Suppan, in fact, predicted the transfer of than 50 ps were studied using a home-built subpicosecond
about 0.8 charge from the substituent NHyroup to the transient absorption spectrometer. Laser pulses of 100 pJ in
carbonyl group inp-ABP.%2 However, they provided no  energy and 70 fs in duration at 620 nm, generated from an
quantitative evidence in favor of this prediction. The photo- argon-ion-pumped colliding-pulse mode-locked (CPM) dye laser
chemical reactivity ofp-ABP in different polar and nonpolar  oscillator, were amplified to about 30@} pulses of 100 fs in
solvents has been reported earlier by Suppan and co-wdfkérs.  duration in a five-stage dye amplifier pumped by a Nd:YAG
According to their report, although the yield of the triplet state, laser working at 30 Hz. Pump pulses at 310 nm were generated
which has amz” configuration in cyclohexane, is about 0.8, by doubling the 620 nm output from the amplifier in a 0.5-mm
the quantum yield of hydrogen abstraction from the solvent BBO crystal, and the residual fundamental was used to generate
molecule is only about 0.2 This fact indicates the very low  the white light continuum (408950 nm) in a flowing water
photoreactivity of the triplet state @fFABP as compared to that  medium of 1-cm path length. The sample solutions were kept
of BP. The photoreactivity of the triplet state of BP in flowing through a quartz cell of 2-mm path length. The transient
cyclohexane toward H-atom abstraction is about uhity.  absorption spectra were recorded using the dual diode array
However, no reasonable explanation has been provided for theoptical multichannel analyzer, and the decay dynamics at a
low reactivity of the triplet state gb-ABP. Also, to the best of  particular wavelength region (10 nm width) were monitored
our knowledge, there has been no report on the detailedusing two photodiodes coupled with boxcar integrators. The
spectroscopic properties and lifetimes of thea@id T, states overall time resolution of the absorption spectrometer was
of p-ABP, except for the very preliminary reports mentioned determined to be about 500 fs by measuring the growth of the
earlier!®4 However, recently, Borisevich et al. reported the S, — S, absorption of 1,4-diphenylbutadiene in cyclohexane
results of their studies on the twisted intramolecular charge- solution at 650 nni8 The transient absorption spectra reported
transfer (TICT) dynamics in the singlet excited statgodf,N- here were recorded only after a delay of more than 1 ps to avoid
dimethylaminobenzopheno#eln the present paper, we report  any distortion due to group velocity dispersion in the monitoring
the detailed photophysical properties of both the singlet and wavelength region, 466950 nm.
the triplet excited states @-ABP using steady-state fluores-
cence, as well as ultrafast transient absorption, spectroscopiqResults and Discussion
techniques. This will help us to understand the excited-state ) .
relaxation dynamics and the photochemical behavig-ABP, Steqdy-State StudlesThel stegdy-state absprptlon spectra of
which has been a textbook example for its inability to take part P-ABPin several solvents with different polarities and hydrogen-

in hydrogen-abstraction reactions in alcohols despite the factPonding abilities are presented in Figure 1A. Spectral charac-
that it is an aromatic ketorié. teristics ofp-ABP in cyclohexane (CH) and 2-propanol have

already been reported earlfrin cyclohexane, the spectrum

is characterized by a broad high-intensity band centered at 303

nm and a long tail in the lower-energy region. Considering the
p-ABP, (about 98% pure), obtained from Aldrich (Milwaukee, very high extinction coefficient value (2.% 10* dm® mol~?*

WI) was purified by recrystallization from aqueous ethanol. Al cm™1) at 303 nm as compared to that at 350 nm (486 ool

of the solvents used were of spectroscopic grade (Spectrochemem™1), the former has been assigned to the* transition and

Hyderabad, India) and used as received without further purifica- the latter tonz* transition. Because, as a rule, the dipole moment

tion. High-purity-grade nitrogen gas (Indian Oxygen, Calcutta, of the singlet excitechz* state (Scheme 1) is lower than that

India, purity >99.9%) was used to deaerate the samples. All of the ground state, the band due to th& transition suffers

the experiments were carried out at room temperature 296 a hypsochromic shift in more polar solvents. In polar solvents,

1 K) unless specified otherwise. Steady-state absorption spectrat is possibly masked by the high-intensityr* band, which

were recorded on a Shimadzu model UV-160A spectrophotom- undergoes a bathochromic shift as the polarity of the solvent is

eter. Steady-state phosphorescence spectra were recorded imcreased. The maximum of ther* band shifts from 303 nm

Experimental Section



7004 J. Phys. Chem. A, Vol. 104, No. 30, 2000

-1

T T T ' T v T ! T

g 1A a—-e 1
'To 2 1 = : T - -1
o) N
b s, 7 \\ p
"‘E 1 LN\ N \ .
E g ’,/ P4 \\ .
] 1 ol . J
© == Tl
— 0- T T T T 7 T T T
o 270 300 330 360 390
80 - B a b -
60 , RS ¢ ]
~ 40 ,'l > -
= 1 N .
Cd 20 | y d T -
e ~
0 T T T T T T T
2,400 500 600 700 800
(e 4 ~_14000 )
O 150 C 5 ]
fen] 4 a DMF * o
= 100 i
] 00 04 02 03
50 - A f-value
0 - T . T . T
500 600 700
Wavelength (nm)

Figure 1. (A) Ground-state absorption spectra pfABP in (a)

cyclohexane, (b) benzene, (c) acetonitrile, (d) methanol, and (e) DMSO.

(B) Fluorescence spectra pfABP in (a) benzene, (b) acetonitrile, (c)
DMF, and (d) DMSO. (C) Fluorescence spectrgp&#iBP in benzene
acetonitrile mixed solvents with the following volume percentages of
acetonitrile: (a) 0, (b) 10, (c) 20, (d) 40, (e) 60, (f) 80, and (g) 100.
Inset: Plot of the Stokes shiffv vs Af value of the solvent mixtures

of benzene and acetonitrile. The plot also includes DMSO and DMF.

SCHEME 1
H, (ﬁ H,
H,N C

Hz

symmetrical charge©

nn* state with
distribution

HoN c/ — HN= @—c
© 0

nn* state

7™ state with
unsymmetrical charge
distribution

in cyclohexane to 320 nm in acetonitrile, 332 nm in methanol,
and 335 nm in DMSO. This large bathochromic shift in the
maximum of thewrz* absorption band with increased solvent
polarity indicates the stabilization of the singlet excited*

Singh et al.

TABLE 1: Photophysical Parameters of p-ABP in Different
Solvents

solvent @ 7s (pS) @70 71 (uS)

CH - 121+ 1 0.9 (0.82) 1.4 0.2
BZ 1.2x 1073 300+ 20 0.6 (0.67) 3.20.2
ACN 0.5x 103 150+ 20 0.35(0.32) 11.&¢ 0.3
DMF 0.21x 1078 200+30 0.13(0.1) 4.8 0.2
DMSO 0.15x 10°3 20030 0.04 <0.1) 6.0+ 0.3

aThe error in thegs values is about 15%.The ¢ values inside
brackets are from refs 13 and 14.

solvent polarities (dielectric constants are 32.7 and 37.5,
respectively). Note that the width of this band is also increased
considerably in methanol (fwhm values are 32, 39, 43, and 36
nm in cyclohexane, acetonitrile, methanol, and DMSO, respec-
tively). The larger bandwidth observed in methanol probably
indicates a strong association of the solvent molecules with
p-ABP molecules in the ground state via formation of inter-
molecular hydrogen bonds. Hoshino and Koizumi have reported
the formation of an intermolecular hydrogen-bonded complex
betweerp-HOBP and aliphatic alcohol.TheH NMR spectra

of p-ABP recorded in CDGIshows the existence of three sets
of clear signal peaks for three different kinds of protons (Scheme
1) present in the molecule in a 2:3:4 ratio of peak areas. The
signal due to the protons in the amino group is very weak, as
expected. However, in GJAD, the identities of these three kinds
of protons are lost, and the peaks appear at a very high field as
compared to those observed in CRCThis fact probably
indicates a strong association betwgeABP molecules and
alcohol molecules, forming a network of hydrogen bonds.

Also note that the maximum in thex* absorption band
shows a shift of about 15 nm when the solvent changes from
cyclohexane to benzene, both of which can be considered as
the nonpolar solvents. Dielectric constants are 2.0 and 2.3 for
cyclohexane and benzene, respectively. The source of this
anomalous shift in benzene probably can be rationalized by
following the classification of solvents by Maroncelli and co-
workers?® They classified cyclohexane as a “simple dipolar”
solvent but benzene as a “nondipolar” solvent. The nondipolar
solvents are those that, by virtue of exact or near symmetry,
have dipole moments that are approximately zero but that
nevertheless contain bonds that are expected to be significantly
polar, possibly leading to significant electrostatic solvation
energies. These energies are not accounted for in a continuum
model that employs only infinite-wavelength properties such
as the dielectric constant.

Unlike benzophenone and hydroxy-substituted benzophe-
nones, which are nonfluoresceptABP has been seen to be
weakly fluorescent in benzene (BZ) and also in polar and aprotic
solvents. However, in cyclohexane and methanol, the emission
is too weak to detect. The fluorescence spectra-8BP in
different solvents are presented in Figure 1B. The fluorescence
spectrum in benzene shows a maximum at ca. 506 nm, but in
acetonitrile, DMF, and DMSO, the fluorescence maxima appear
at ca. 586, 589, and 590 nm, respectively. The fluorescence
guantum yields op-ABP in the various solvents are given in
Table 1.

Fluorescence spectra have also been recorded in benzene-
acetonitrile mixed solvents of different compositions, which are
presented in Figure 1C. The maximum of the fluorescence band
shifts gradually toward the red as the polarity of the solvent

state in more polar solvents because of the increased dipolemixture is increased. The values of the dielectric constant and
moment of the molecule in the excited state as compared tothe refractive index of the benzenacetonitrile solvent mixtures
that of the ground state. The shift is seen to be larger in methanolof different compositions have been determined by Bakshi.
than in acetonitrile, although both solvents have comparable The values for the solvent mixtures used here were obtained
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by linear extrapolation of the reported values, and values for 100

the polarity or “reaction-field” parameteAf, as defined by eq |

1, were calculated. b
[
o}

% MCH, 500 nm

o0
fand
1

D-1 n’—1

Af:2D—i-1_2nz_|-1 @)

&
Intensity (arb. Unit)

Tl=2'6 ms

(o)
o
1

_ . . 1,=55 ms
The variation of the Stokes’ shift parametd, as a function

of Af is depicted in the inset of Figure 1C. This also includes
the data for the other two solvents, DMF and DMSO. The linear
increase ofAv as a function of the reaction-field parameter,
Af, in benzene-acetonitrile solvent mixtures indicates the polar
character of the fluorescent of State, which is stabilized by
solvation in more polar solvents. The fact that a new band does
not appear as the polarity of the solvent is increased excludes 0= T " T
the possibility of formation of a new fluorescent state, such as 400 500 600

the twisted intramolecular charge transfer (TICT) state, which Wavelength (nm)

is normally observed to form from the locally excited (LE) state Figure 2. Phosphorescence spectrafBP in (a) MCH and (b)
after charge transférFor example, Borisevich et al. observed ethanol matrixes. For comparison, the phosphorescence spectrum of
dual emissions from the LE and TICT states in solvents having BP in MCH is shown by curve c. Inset shows the phosphorescence
moderately high polarity, following optical excitation bEN- decay ofp-ABP in MCH.

dimethylaminobenzopheno#eln the case op-ABP, however, - ithouah th feat | ved in hvd
dual emission bands have not been observed, nor has any othe'g Ics, athoug 24956 ealures are poorly resolved In nyaroxy-
enzophenonéd:2* However, the onset wavelengths of the

indication, such as dual exponentiality of the decay of the excited . .
singlet state (see later), been obtained in favor of the formation EE;‘); %h?c:\?vz(iznt%i Srg?jcgjpzﬁc?; gobr?rt'r? g;rt:sarr];%trge;g; of
of a TICT state. The absence of TICT emissiopiABP may BP andp-HOBP. Also, the maxima of the phosphorescence

be due to the fact that the rotation of the Ngtoup is barrier ; . A
free and very fast compared to that of the dimethylamino group spectra ofp-ABP are considerably red-shifted, and the vibra-
tional progression is completely absent in the spectrum in either

in N,N-dimethylaminobenzophenone. Hence, we conclude that  th i The oh h i in MCH al
the fluorescent Sstate in benzene probably has the nearly of In€ matrixes. 1ne pnospnorescence spectrum in giass
is broad, with a single band having a maximum at 495 nm and

mmetricalzzr* configuration with little char ration .
symmetricalzzr™ configuratio th little charge separatio a weak shoulder at 522 nm. The spectrum in ethanol glass shows

(Scheme 1). In polar solvents, the unsymmetrically charge-
distributedzzr* or CT state formed by intramolecular charge two peaks_at 477 and 504 nm. Th(_a energy levels for the lowest
triplet excited states, as determined from the onset of the

transfer from the aniline moiety to the carbonyl group becomes .
stabilized by solvation, and this intramolecular CT state is ggogizglrenig’?ln'cneestﬁ‘:\%?’ai,recc?;sgfe dkigiﬁnocggﬂgt%ggdkcal
considered to be the fluorescent state in polar solvents. However, ™" ! ' p :

—1 _ 11,25
the smaller Stokes’ shift values in DMSO and DMF, compared thI r:‘or BP andd 67.5 k%a; .mg.[l for p l_:QIB:P.MCHTh'(tah
to those in benzeneacetonitrile mixed solvents, which should phosphorescence decayhBP is biexponential in wi

be considered as the non-hydrogen-bond-forming media, prob-lt'kf]et'mheS thZ'Gi 0.3and 5& 5 msd, whereas in et_ha?ol matrix, tial
ably indicate the intermolecular hydrogen-bonding interaction € phosphorescence emission decays as a single exponentia

between the DMF or DMSO solvent molecules, which are good with a lifetime of 80+ 5 ms. The ketones with.Tstates of

hydrogen-bond acceptors, apeABP in both the ground and nz* configuration have phosphorescence lifetimes not longer

- . .
the excited states. From the slope of the least-squares fit of thethan & few milliseconds, and those with the States ofr

linear plot of Av vs Af, as shown in the inset of Figure 1C, the ﬁﬁg%égﬁg’sn ;r?c;/e i*lfer::g]r?; g;sgjsoripth?c? :Ievf:;l;/ll tﬁzi dcr); d

change in the dipole moment\g = ue — ug) in the singlet - 112627 . ’

excited CT state with respect to the ground state has beenmllllseconds. " Hence, n the case g-ABP, the double-'

calculated using the LipperMataga equation (eq 23 exponential decay in MCH indicates the presence of two kinds
' of triplet states, namely, ther* and =z* states, energetically

(]
o=

0 10 20 30 40
Q .
3 Time (ms)

Intensity (arb. unit)
=
<o

|\
<
1
0=

2 — ) very close to each other. The shorter lifetime (2.6 ms) might
Ay = (e ”9) Af + constant ) be associated with thex* triplet state, whereas the longer
hce lifetime (55 ms) might be associated with the* triplet state.

This kind of dual phosphorescence has already been reported
By applying the partial volume addition method suggested by for a few of the aromatic carbonyl compounds, including
Edward?® the Onsagar cavity radius, was estimated to be  benzophenon#.2%228n ethanol, however, the unsymmetrically
3.52 A. Then, by substituting the valueafthe change in dipole  charge-distributedr* or CT triplet state is the only emitting
moment due to the transition from ® the § was estimated state, as, in this matrix, the energy level of thesTate ofrz*
to be 7.9 D. This clearly indicates the CT character of the S or CT configuration is much lower than that of the triplet state
state. of nz" configuration.

Curves a and b in Figure 2 represent the phosphorescence Laser Flash PhotolysisFigure 3 presents the time-resolved
spectra ofp-ABP recorded in methylcyclohexane (MCH) and absorption spectra of the transient species produced by pho-
ethanol glass at 77 K. The phosphorescence spectra of BP (asolysis of p-ABP in various organic solvents using 355-nm
shown by curve c) and those @tHOBP and many other  pulses of 35-ps duration and recorded (a) immediately, i.e., at
derivatives of BP, which have g Ftate ofnz* configuration, 0 ps, and (b) at 660 ps after the laser pulse excitation. It is
have been reported to have very similar features, including the clearly evident from this figure that the spectral and decay
position of the maxima as well as the fine structure character- characteristics of the transient species differ considerably in
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. —= 0.00 -— T " T y 1 " T "
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ooy o T Wavelength (nm)
| o3 :70' n=m200 ps D. DMF Figure 4. Absorption spectra of the transients recorded at (a) 1 ps,
0.4+ o2 oy (b) 5 ps, and (c) 80 ps after the photolysispsABP in cyclohexane

. 530 %0 1200 by subpicosecond laser pulses of 310-nm light. The inset shows the
0.2 Time (ps) growth of the transient absorption monitored at 510 nm.
M to 6 ns. In DMF and DMSO, the spectral characteristics of the
0.0+ ¥ T Y v T r T v T transient species are very similar to those observed in acetoni-
500 600 700 800 900 trile. However, the transient spectrum recorded at 660 ps has
the absorption maximum shifted to 850 nm for the lower-energy
Wavelength (nm) band (656-930 nm). The decay lifetime of the short-lived
Figure 3. Absorption spectra of the transients recorded (a) immediatel transient in either of these solvents has been determined to be
angd (b) 660 ps gfter thpe photolysis pfABP by 35-ps laser pulses of Y about ZO.Oi 20 ps (m_set_of Figure 3D). We FOUId not observe
355-nm light in (A) cyclohexane, (B) benzene, (C) acetonitrile, and any transient absorptlo_n in the polar and protic solvent_methanol.
(D) DMF. The insets show the time evolution of the transient absorption ~ Figure 4 shows the time-resolved transient absorption spectra
monitored at 530 or 470 nm. obtained by flash photolysis of-ABP in cyclohexane on
excitation by 310-nm laser pulses of subpicosecond duration.
different solvents. In cyclohexane, the transient spectrum a, The nature of spectrum a, recorded at 1 ps, is entirely different
recorded immediately after the laser pulse, has two major bands;from that of the spectrum obtained upon excitation by 355-nm
one is very broad in the range 66030 nm and centered at ca. laser pulses. Spectrum a shows an increasing absorbance from
750 nm, and the other one is in the range 4800 nm, with 420 nm up to 900 nm with a maximum at about 890 nm. With
two peaks at 470 and 530 nm superimposed on it. No further an increase in the time delay, the absorbance at ca. 500 nm
evolution of the spectral features has been observed at later timegrows, and that at 890 nm decays to produce a transient species
up to 6 ns. In benzene, however, we observe an evolution of having spectrum c, which was recorded 80 ps after the laser
the spectral characteristics with time, even though benzene ispulse. Spectrum b was recorded 5 ps after the laser pulse.
similar to cyclohexane with respect to polarity. The transient Spectrum c is very similar to that obtained on excitation by
absorption spectrum recorded immediately after the laser pulse355-nm light (curve a in Figure 3A) but with a slight difference
in benzene has distinctly different features from those observedin the shape of the band in the 42600 nm wavelength region.
in the spectrum recorded in cyclohexane. The former also hasin this wavelength region, the peaks at 470 and 530 nm in
two major bands, but one is in the wavelength range o600 spectrum c are not as well resolved as those in spectrum a of
930 nm, with a maximum at ca. 900 nm, and the other is in the Figure 3A. The growth of the transient absorption monitored
460—-600 nm region, with a maximum at 460 nm and a shoulder at 510 nm is shown in the inset of Figure 4, and its lifetime has
at 530 nm. However, this spectrum evolves with time up to 1.5 been determined to be 12 1 ps.
ns, and the spectrum recorded at 1.5 ns has similar features to The nature of the transient absorption spectrump-8BP in
those in the spectrum obtained in cyclohexane. The growth of benzene recorded at 1 ps after photolysis by 310-nm laser pulses
absorption of the transient was monitored at 530 nm, and the of subpicosecond duration is very similar to that of the spectrum
growth lifetime was determined to be 300 ps. obtained immediately after the 35-ps laser pulses of 355-nm
In the case of the polar and aprotic solvent, acetonitrile, the light (Figure 3B). The growth lifetime of the transientsfABP
transient spectrum a, recorded at 0 ps, has two major bandsproduced by photolysis by 310-nm light has been determined
with maxima at ca. 470 and 880 nm. The absorbance valuesto be 3004 30 ps (inset of Figure 3B). This growth lifetime of
monitored at both of these wavelengths decay at the same ratethe transient is the same as was obtained by 355-nm excitation
and the lifetime of this transient has been determined to be 135in picosecond flash photolysis experiments.
+ 15 ps (inset of Figure 3c). After the decay of this transienta  Absorption spectrum a of the transient produced by flash
new transient absorption spectrum (b), having one band centereghotolysis ofp-ABP in acetonitrile on excitation by 310-nm
at 750 nm and the other at 470 nm, evolves after 660 ps. Bothlight, shown in Figure 5A, has been observed to be very similar
bands are long-lived and do not show any further evolution up to that obtained on excitation by 355-nm light and recorded in
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510 o the absorption spectra of the Sates of BP ang-HOBP (curve
A 0.02 =150 ps a in Figure 5B and C, respectively) indicate that thestate of
0.03: e, p-HOBP in acetonitrile also has tier* configuration. However,
0% we are not able to provide any explanation for the very short
0.02; ’ Tim?tps) 400 lifetime (3.5 ps) of the state ofp-HOBP as compared to that
of BP (10 ps). On the basis of a comparison of the lifetimes of
0.01- thenz* S; states of BP an@-HOBP with that of the Sstate
of p-ABP in different solvents, it can be concluded that the S
0.00 ' i} state ofp-ABP in cyclohexane should have time* configu-
PAPS ration, because it has a short lifetime (12 ps). However, in the
0.03 510 nm ] other solvents benzene, acetonitrile, DMF, and DMSO, the S
o = 3-5PS state has lifetimes longer than 100 ps, and hence, this state is
©w  0.02] TR 42l expected to have thes* configuration. In the polar solvents
Q g Time (ps) mentioned here, the situation is clear because excitation by either
g 0.01{ 4 310- or 355-nm light produces the Sate ofzz* configuration.
ﬁ ’ In cyclohexane, although we excite the molecules by 310-nm
8 0.00- e b | light to thesrr* excited singlet state, because* is the lowest
o) 0'03_ ' ' " j i excited singlet (9 state, it becomes populated very rapidly
< ' C (within less than 1 ps) by an internal conversion process from
the higherzz* state initially prepared. However, the spectral
0.02; a features of the Sstates of BP an@-HOBP are quite different
from those of the Sstate ofp-ABP in cyclohexane (curve a in
0.01: Figure 4). The latter has a very broad absorption band, increasing
b in absorbance from 420 nm up to 900 nm, with a shoulder at
0.00 600 nm. It has no well-defined band in the 50000 nm

' ' ' ' ' wavelength region, as has been seen in thet&e spectra of
500 600 700 800 900 BP andp-HOBP (Figure 5). Only the short lifetime (12 ps) of

the § state of p-ABP in cyclohexane indicates that the
Wavelcngth (nm) configuration of the gstate ofp-ABP in this solvent should be
Figure 5. Absorption spectra of the transients recorded at (a) 1 ps nz*, although the spectral features of the latter are quite different
and (b) 660 ps after the photolysis of (8ABP, (B) p-HOBP, and from those of then* states of BP angp-HOBP. This is the

(C) BP in acetonitrile by subpicosecond laser pulses of 310 nm. The reason thap-ABP is nonfluorescent in cyclohexane. The very
insets show the time evolution of the transient absorption monitored at di s
510 nm. ifferent spectral features and the longer lifetirrel 00 ps) of

the S state ofp-ABP in other solvents indicate ther* or CT

the picosecond time domain (curve a in Figure 3C). The decay Mature of this state.

lifetime of the transient species obtained upon 310-nm excitation It is evident from Figures 3 and 4 that the triplet absorption
has been determined to be 15010 ps (inset of Figure 5A),  spectra ofp-ABP in cyclohexane obtained by 310- and 355-
which nearly agrees with the value determined from the Nm excitation are found to be very similar in nature, as
picosecond flash photolysis experiments using the 355-nm mentioned earlier. Hence, excitation to eitimer (by 355-nm
excitation wavelength. Curves a and b in Figure 5B and C show light) or zzz* (by 310-nm light) leads to the same kind of triplet
the transient absorption spectra obtained by flash photolysis ofstate (or states) by intersystem crossing. However the triplet
p-HOBP and BP in acetonitrile upon excitation with 310-nm absorption spectrum @-ABP in cyclohexane is very different
laser pulses of subpicosecond duration and recorded at 1 androm those ofp-ABP in other solvents and also from those of
660 ps after the laser pulse, respectively. Curves a and b canBP and HOBP in any kind of solvents. Figure 6 compares the
be assigned to the; &nd T; states op-ABP, respectively:211 triplet absorption spectra g--ABP in cyclohexane (curve a)
The lifetime of the growth of the Tstate has been determined and acetonitrile (curve b). The absorption spectra in both the
to be 3.5+ 0.2 ps forp-HOBP in acetonitrile, and those for ~ solvents consist of two distinct bands: one in the nearUV

BP have been reported earlier to be 9 ps in acetonftfite,0 visible region (456-600 nm, let us designate it as “band A”)
ps in benzene, and 14 ps in ethah&:2°Hence, a comparison  and the other in the 666000 nm wavelength region (let us
between the spectral and decay characteristics of teea@ T, designate it as “band B”). It is observed that band B features of
states produced by photolysis of BRRHOBP, andp-ABP in the triplet absorption spectra @ABP in cyclohexane and
acetonitrile shows a clear difference between thosp-ABP acetonitrile are very similar, but there are significant differences
and those of the other two. between the two spectra in the 42600 nm wavelength region.

In the studies here, we have used two excitation wavelengths, The triplet absorption spectra pfABP in other solvents have
namely, 310 and 355 nm, for studying the transient absorption features similar to those of the spectra in acetonitrile. The entire
characteristics. Figure 1A reveals that excitationpeABP spectrum b of triplep-ABP in acetonitrile can be assigned to
molecules by 310-nm light, in either nonpolar or polar solvents, the wzz* or unsymmetrically charge-distributedr*, i.e., CT,
induces therz* transition. However, excitation by 355-nm light  configuration for two reasons. First, tripletABP in acetonitrile
induces ams* transition in the nonpolar solvent cyclohexane or other polar solvents is not reactive to the hydrogen-abstraction
but azzr* transition in polar solvents. In benzene, probably reaction. The quantum yields of this kind of reaction in polar
transitions to both of these states are induced by 355-nm light solvents have been reported to be less tharf.10Second, the
because of the overlapping of the* and zsr* absorption bands.  phosphorescence lifetime pfABP in polar solvents, such as

The S state of BP is known to have awr* configuration in ethanol, is very long (80 ms). The broad nature of the band A
almost all kinds of solvents? Similarities in the features of  in cyclohexane indicates that the entire spectrum a is probably
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0.15 values follow qualitatively the same trend, it should be
a mentioned here that they probably include the same error
involved in the method of determination and only provide a
rough estimate of the quantity. This is because it has not been
possible to determine the extinction coefficient values for triplet
absorption quite accurately for several reasons. As mentioned
earlier, in nonpolar solvents, he; Btate of p-ABP can be
considered a thermal equilibrium mixture &fz* and 3zz*
states; thus, it would be erroneous to report the extinction
coefficient values determined by the conventional energy-
transfer method and, hence, also ¢ghevalues determined using
; these values. To determine tiie values using the comparative
\ [y / method, we assumed the extinction coefficient value for the
A+ p-ABP triplet to be 6500 dihmol~! cm™2, which was reported
in the literature for thenz* triplet of benzophenoné Also,
e T e e we observed very rapid photochemical degradatiop-6BP
500 600 700 800 900 in nonpolar solvents, probably because of hydrogen abstraction
from the NH group of anothep-ABP molecule in the ground
state!l-1* This was evident from the concentration dependence
Wavelength (nm) of the triplet decay rate constants. The triplet lifetimes were
Figure 6. (a) Triplet-triplet absorption spectrum op-ABP in seen to decrease with an increase in the concentratip/\8P.
cyclohexane, which is a combination of the spectra due to both the Hence, the triplet lifetimes, which are reported in Table 1, are
triplets ofnz* and 7z configurations. (b) Triplet triplet absorption  he jnyerse of the values of the intercepts obtained from the
E‘?ﬁg}g@eosf&/\cﬁiﬁnbﬁn%génw;ggd';%\L,ﬁcf i;hdejg t;gfg:ipl(g linear Ieast-squares fit of_ the plots of the Ii_fetimes as a function
of p-ABP. of concentration op-ABP in the corresponding solvent. In polar
solvents the T state is not very reactive because ofsits* or
a combination of the spectra of ther* triplet and some other  CT charactet? and hence, the lifetimes are not as sensitive to
transient, which might be ther* triplet state. An indication  the concentration gf-ABP used and are also longer than those
of two kinds of triplet states that are energetically close to each in nonpolar solvents.
other has already been obtained from the biexponential nature Earlier, several mechanisms were proposed to explain the
of the phosphorescence decay in MCH matrix. Spectrum ¢ hasreactivity of the lowest-lying triplet state having ther*
been obtained by subtracting spectrum b from spectrum a, andconfiguration in an aromatic ketone. According to Wagner and
it is very similar to the absorption spectrum of the* triplet co-workerst? in ketones in which the energy gap between the
of BP in acetonitrile (curve b of Figure 5B). Hence, assuming nxz* and szz* triplet states is only a few kilocalories per mole,
that the nature of thaz* triplet absorption spectrum does not  the mechanism of the reaction involves thermal excitation of
change by substitution in the phenyl ring, we can conclude that the zzr* state to thenz* state, from which the reaction occurs.
the triplet absorption spectrum apfABP in cyclohexaneisa  However, Yang et &2 explain the reactivity of therr* state
combination of the absorption spectra due to the triplets having by the vibronic mixing of thewz* and zzz* triplets in aromatic
nz* and zr* configurations. The energy levels of these two  ketones. A small amount of* character mixed into the lowest
kinds of triplets are very close to each other, and in this solution, zz* triplet gives the latternz* reactivity. The theoretical
these states remain in thermal equilibrium during their stay in analysis by Chand?a suggests that reaction from the triplet
the excited triplet level. In benzene, too, the broad nature of zz* state is possible through a crossing of the zero-order
the triplet absorption band in the 42600 nm wavelength  reaction surfaces of thar* and wz* states of ketone. Our
region indicates the presence of energetically proxinmate  studies on the spectroscopic properties of the triplet state of
andsr* states in the triplet manifold. p-ABP, however, probably support the view of Wagner and co-
In the case of polar and hydrogen-bond-forming solvents suchworkers and suggest that, in nonpolar solvents, the energy gap
as methanol, the situation is entirely different. In both the singlet between the lowest excitetr* and zz* triplet states should
and triplet manifolds, the CT excited state is expected to be be very small, so that either of the two might be the lower in
stabilized further in polar and hydrogen-bond-forming solvents energy but both are still thermally accessible to each other, and
by solvation and/or formation of a hydrogen-bonded complex. hence, thensz* triplet state shows reactivity toward the
In methanol, no transient absorption could be observed in the hydrogen-abstraction reaction. In polar solvents sthtriplet
spectral region of 400900 nm. Probably, the singlet state of state is probably more stabilized than the* triplet. For
p-ABP in methanol is very short-lived, shorter than a picosec- example, we have calculated that the triplet energy in ethanol
ond, and also the triplet yield is negligibly small. This is due to (65.6 kcal mot?) is lower by about 1 kcal mot than the
the protic nature of the solvent, rather than its dielectric polarity, corresponding energy in MCH (66.6 kcal mé), a difference
because the triplet yield is observed to be quite high in that is larger than the thermal energy at the room temperature
acetonitrile solvent. The reason could be either very fast (~0.6 kcal mot?! at 296 K). This excludes the possibility of
quenching of the excited singlet CT state by proton transfer the existence of thas* triplet in thermal equilibrium with the
from the solvent or a very fast nonradiative relaxation process szz* triplet in solution, and hence, the triplet state@ABP in
via intermolecular hydrogen-bond stretching vibratiéh¥. polar solvents is not as reactive toward the hydrogen-atom-
In Table 1, we provide the quantum yield values for triplet apstraction reaction.
formation @) in different solvents, as determined within a few
nanoseconds after the laser pulse excitation by 35-ps laser pulses. Acknowledgment. The authors gratefully acknowledge Dr.
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