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Photodissociation of naphthalene (Np) dimer radical cation'(\jpo give naphthalene radical cation (Np

and Np and the subsequent regeneration of Npy the dimerization of N and Np were directly observed

during the two-color two-laser flash photolysis in solution at room temperature. Whgh Was excited at

the charge-resonance (CR) band with the 1064-nm laser, the bleaching and recovery of the transient absorption
at 570 and 1000 nm, assigned to the local excitation (LE) and CR bands'of Nyspectively, were observed
together with the growth and decay of the transient absorption at 685 nm, assigned.t@iépdissociation

of Npy't proceeds via a one-photon process within the 5-ns laser flash to giveaNg Np in the quantum

yield of 3.2 x 1072 and in the chemical yield of 100%. The recovery time profiles of'Npt 570 and 1000

nm were equivalent to the decay time profile of*Npt 685 nm, suggesting that the dimerization of Ngnd

Np occurs to regenerate Mp in 100% yield. Similar experimental results of the photodissociation and
regeneration of Ny were observed during the pulse radiolysis-laser flash photolysis of Np in 1,2-
dichloroethane. The photodissociation mechanism can be explained based on the crossing between two potential
surfaces of the excited-state Npand ground-state Np.

Introduction SCHEME 1: Schematic Diagram of Energy Levels of

One-electron oxidation of a variety of aromatic hydrocarbons NPe" and Npze™ @
(ArH) such as benzene, naphthalene (Np), anthracene, and
pyrene generates the radical cations (AjHwvhich associate
partly with the neutral counterparts to form the dimer radical
cations ((ArH)") with azz—a face-to-face structure® Because LE band
the (ArHy*" has a characteristic absorption in the near-IR

LUMO —

— + Dy

-D
region, the formation of (ArH)* has been widely studied and !
used as a powerful probe to monitor the dynamics of macro- HOMO —5—. CR band
molecules such awese andrac-2,4-di(N-carbazolyl)pentanes, AH + Do

trans-1,2-di(N-carbazolyl)cyclobutan®, poly(3,6-ditert-butyl- Np™ Npz™*
9-vinylcarbazole), poly(vinylnaphthalenés'2 complex [31]-
cyclophanesn(= 3, 5, 6)3 oligodeoxynucleotides, and DN/&8:14
For example, the formation of pyrene dimer radical cations has
been successfully used to probe the dynamics of DNA in the  From the electronic interaction between*N@nd Np, the
time scale of microseconds to millisecorfdfdt is notable that HOMO and LUMO split into two levels (HOM&, HOMO—,
the formation of guanine (G) dimer radical cation (GGis LUMO+, and LUMO-) for Npy*. The CR and LE bands
assumed to be involved in the photooxidative damage of correspond to the transitions from HOMOto HOMO— (D
DNA,5"19 because GG has a lower oxidation potential than G — D) and from HOMGF to LUMO+ (D, < Do), respectively.
and acts as the hole trapping site. Here we focus on the photo-The formation enthalpyAH) or the stabilization energy of
dissociation of the naphthalene dimer radical cation;(Np Np.t is approximately equal to half of the energy gap between
Npz* generated from the dimerization of a naphthalene the D, and DOy states (CR bandy:2° There are two possible
radical cation (Np") and Np with ar— face-to-face structure  conformations for Ng™, i.e., the partially and fully overlapped
has been extensively investigated with experimental and theo-conformations. Since the partially overlapped one has a larger
retical method$:2>-2 Np,"* has the local excitation (LE) band ~ —AH value than that of the fully overlapped o#f&the former
in the visible region around 570 nm together with the charge conformation is preferable for intermolecular fip2427:29.30
resonance (CR) band in the near-IR region around 1000 nm, Because of the sufficient stabilization energyAH = ~50 kJ
which originated from the interaction between molecular orbitals mol-2) of Np,**,2731:32Np** can exist as Np* in the presence
of Np'* and Np (Scheme Ef-2527:29 of Np at high concentration. There are many reports on the
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a2 AH is the formation enthalpy of Np'.
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Contrary to the formation of (Arb)*, there is no report on
the dissociation of (ArH)™ in solution, because (ArH)" is
thermally more stable than AriHin solution. The equilibrium
of (ArH)>** and ArH* exists depending on the ArH concentra-
tion. The selective thermal activation of (Arjf) with the
energy over—AH may cause the dissociation, although it is
not possible to be performed in solution. Therefore, the selective
photoexcitation of (ArHy ™ is necessary to study the dissociation
of (ArH)>**. In fact, the photodissociation of Np cluster ions
(Np,™, n = 2-7) has been reported in the gas phase with use
of the time-of-flight (TOF) mass analysis meth&dé-3"although
the photodissociation mechanism is not clear. We report here
the first example of the photodissociation of Npto Np™ and
Np and the subsequent regeneration ot*Npsing the two-
color two-laser flash photolysis technidfend pulse radioly-
sis—laser flash photolysis combined method in solution at room
temperaturé®*°The photodissociation of Np” occurred to give
Np*t and Np within a 5-ns laser flash duration when,Npvas
excited at the CR band with a 1064-nm 5-ns laser. After the
photodissociation, the subsequent regeneration eftNpom
the dimerization of Np™ and Np was also observed.

Experimental Section

Materials. Naphthalene was purchased from Nacalai Tesque
Inc. and purified from ethanol before use. Chloranil (99%) was
purchased from Sigma-Aldrich, Inc. and was used as received.
Acetonitrile (spectral grade) and 1,2-dichloroethane (spectral
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Figure 1. Transient absorption spectrum in the visible (solid line) and
near-IR region (solid line plus open circles) observed at 100 ns after
the 355-nm laser flash during the 355-nm laser flash photolysis of a
mixture of Np (1.0x 1072 M) and Chl (5.0x 1073 M) in acetonitrile.

Results and Discussion

Formation of Np** and Npy*" during the 355-nm Laser
Flash Photolysis.When a mixture of Np (1.0< 1072 M) and
chloranil (Chl) (5.0x 1072 M) in acetonitrile was irradiated
with the 355-nm laser (6 mJ flasH at room temperature, an
electron-transfer reaction between Chl in the triplet excited state
(3ChI*) and Np occurred to give Np and the Chl radical anion
(Chl7).*! Since the Np concentration was enough high, the
dimerization of Np™ and Np occurred to give Np".5:26:30:42

The transient absorption spectra of ‘N@nd Np** in the
visible and near-IR region were shown in Figure 1. The sharp
absorption band with peaks at 625 and 685 nm is assigned to
the D, < Dg transition of Np™.3%42No absorption corresponding
to the D, < Dg transition of Np™ was observed because of its

grade) purchased from Nacalai Tesque Inc. were used as receivdipole-forbidden character, although the theoretical calculation

ed. All sample solutions were freshly prepared before irradiation.
All experiments were carried out at room temperature.

Two-Color Two-Laser Flash Photolysis.The 355-nm laser
flash from a Nd:YAG laser (Continuum, Surelite II-10; 5-ns
full width at half-maximum (fwhm)) was used as the first laser
excitation to prepare Np and Np**. The 1064-nm laser flash
(40—180 mJ flash?) from a Nd:YAG laser (Brilliant, Quantel;
5-ns fwhm) was used as the second laser to excitejring
the two-color two-laser flash photolysis experimefitswo laser
flashes were synchronized by a pulse generator with a delay
time of 10 ns-10 us. The probe beam was obtained from a
450-W Xe-lamp (Osram XBO-450). The transmitted probe beam
was focused on a monochromator (Nikon G250). The output
of the monochromator was monitored with a photomultiplier
tube (PMT, Hamamatsu Photonics R928). The signal from the
PMT was recorded on a transient digitizer (Tektronix, TDS
580D). The transient absorption in the near-IR region was moni-
tored with a fast InGaAs PIN photodiode equipped with an
amplifier (Thorlabs, PDA255) and the transient digitizer. The
total system was controlled with a personal computer viaaGP
IB interface. To avoid any damage of the sample solution by the
probe light, a suitable cutoff filter was used in front of the sample.

Pulse Radiolysis-Laser Flash Photolysis Combined
Method. The pulse radiolysislaser flash photolysis combined
method has been described in previous paffetsBriefly a
solution containing Np in 1,2-dichloroethane (DCE) (.02
M) was irradiated with an electron pulse and sequentially with
a laser flash at a delay time of 10 ns te4 after the electron
pulse. An electron pulse (28 MeV, 8 ns duration, dose of
approximately 0.7 kGy pulse, diameter of 0.4 cm) was
obtained from a linear accelerator at Osaka University. The
1064-nm laser flash and the signal obtaining system were the
same as those used for the two-color two-laser flash photolysis

predicts that the transition exists around 1170%%:4344The
broad absorption bands around 570 and 1000 nm are assigned
to the LE and CR bands of My, respectively2’:2%32 The
transient absorption spectrum of €hhas a peak around 450

nm and no significant peak in the region of 560200 nm?!

The time profiles of the transient absorption at 570, 1000,
and 685 nm during the 355-nm irradiation are shown as dotted
lines in Figure 2. The formation of Np by the electron-transfer
reaction betweefChl* and Np occurred to give Np and Chi~,
together with the dimerization of Npand Np to give Np'™,
in the time scale of 550 ns after the 355-nm laser irradiation
of the mixture of Np and Chl in acetonitrile. Therefore, the Np
formation and depletion processes are overlapped in the time
scale of 5-100 ns, as shown in Figure 2C (Supporting
Information). The growth of the 570- and 1000-nm absorption
in the time scale of 550 ns was observed and was assigned to
the formation of Ng*™ by the dimerization of N and Np as
shown in Figure 2A,B. The similar decay profiles of the transient
absorption at 570, 1000, and 685 nm in the time scale of a few
hundred nanoseconds after the 355-nm laser flash correspond
to the charge recombination betweenNpr Np+ and Cht~.

It has been reported that Npis equilibrated with Ng™ at the
equilibrium constanK = 5.2 x 10? M~1 based on the pulse
radiolysis measurements in benzonitrile at 298%&45

Photodissociation and Regeneration of Np* during the
Two-Color Two-Laser Flash Photolysis.When Np** was
excited at the CR band with the second 1064-nm laser flash,
the bleaching of Np* at 570 AAODsz) and 1000 nm
(AAOD1g00 together with the growth of Np at 685 nm
(AAODeggs) were observed within the 5-ns laser flash during
the first 355-nm and second 1064-nm laser flash photolysis
(Figures 2 and 3)AAODs75 AAODjg0s and AAODegs in-
creased with the increasing of the second 1064-nm laser power
(Figure 4).

system. The 1064-nm laser flash and the probe beam were When an IR laser is used to irradiate a solution, the IR photon

synchronized with the electron pulse.

energy converts to the thermal energy to lead the laser-induced
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correspond to the photodissociation of Npin the excited @
state (Np'"(D1)) to give Np* and Np within the 5-ns laser
flash duration (eq 1).

Np2'+(D0) +hvygg— Np2°+(D1) - Np'+(D0) +Np (1)

The plots ofAAODs79 and AAODggs vs 1064-nm laser power
showed the linear lines (Figure 4), indicating that the dissociation
of Npy*™ proceeds via one-photon excitation, and that the
dissociation yield giving Ng and Np is 100% yield based on
the disappearance of Mp. The quantum vyield ®) of the
dissociation of Ng+ was estimated to be 3.2 10~ from the
slope of the linear line in Figure 4. The photon number absorbed

0.00, by Np*™ at 1064 nm was measured by using a laser power
0 100 200 300 meter. The concentration of Npproduced from the dissociation
0.10 c t(ns) of Np*™ was calculated to be 4.8 10-6 M based on the molar
absorption coefficiente) of 4500 Mt cm™! at 685 nm for Np"
£ 005l o] and the 1064-nm laser intensity of 120 mJ falsh-32
G B0, Following the bleaching of the transient absorption at 570
= o J\\Wh, and 1000 nm, the recovery occurred in the time scale of several
0.00 10Ty T tens of nanoseconds. Simultaneously, the 685-nm band decayed

0 100 200 300 in the same time scale. Since the transient absorption bands at
t(ns) 570, 1000, and 685 nm recovered completely, the dimerization

Figure 2. Time profiles of the transient absorption at 570 (A), 1000 ©Of Np™™ and Np occurred to give Np” in 100% yield (eq 2).
(B), and 685 nm (C) assigned to Mp Npz*, and Np*, respectively,
during irradiation of one laser (dotted line) and two lasers with the
1064-nm laser power of 120 mJ flash(solid line). The insets show
the time profiles of the absorption changes during the second 1064-
nm laser irradiation obtained by subtraction of the dotted line from the
solid line. The bold solid line in the inset was the fitting curve to the
pseudo-first-order exponential function. The delay time of the secon
1064-nm laser after the first 355-nm laser was 100 ns.

Np™(Dg) + Np— Np,™ (Do) )

Since the Np concentration (1:010-2 M) was much larger
than that of Np" produced from the photodissociation of N
g the recovery and decay time profiles of the absorption at 570,
1000, and 685 nm, respectively, were well fitted with the pseudo-
first-order exponential function as shown in Figure 2 insets, and
the recovery and decay rates depended on the Np concentration.
The bimolecular rate constariyf,) of the formation of Np™
by the dimerization of N and Np was calculated to be (1.1
+0.2) x 10*°M~1 s 1 from the slope of the linear plot between
the observed rate constanits, of the recovery and decay time
profiles and the Np concentration (Figure 5).
: : . : Thekgim value was found to be almost equal to the diffusion-
800 75(,1 (nf;")" 1090 1200 colntrolltoed rgte constant in acetonitrilef = 1.9 x 10°M~*
Figure 3. Transient absorption spectra observed at 10 ns after the 1064-> 25°C).Elt is ngl-kngwn that the géggi”zatlon of Np
nm laser flash during the irradiation of the 355-nm laser (broken line E_md Np occurs akits In various solvents: o _zThe regenera-
in the visible region and broken line with open circles in the IR region) tion of Np'™ at ki in the present reaction indicates that the
and two lasers (355- and 1064-nm lasers; solid line in the visible region photodissociation of Njy™ proceeds to give free Npand Np
and solid line plus closed circles in the IR region) with the power of in acetonitrile.
6 and 120 mJ flast, respectively. The insets show the expanded Photodissociation and Regeneration of Np* during the
spectra in the regions of 55680 and 675690 nm. Pulse Radiolysis-Laser Flash Photolysis Combined Method.
Pulse radiolysis of substrates in chloroalkanes (RCI) has been

0.08 ; used as a standard method to generate the substrate radical
5 006 T cations349-51 Np+ and Np** were produced during the pulse
S 0.04l ’ radiolysis of Np (1.0x 1072 M) in DCE at room-temperature
3 according to eqs-37.
0.02}
00050 100 150 RCI <> RCI'" + e, RCI* (3)
-1
s of , ’I‘m;f'as“ ianges) RCl+e —R +CI” 4)
Figure 4. Plots of AAODxs7 (circles),AAODiono (triangles) AAODggs ) .
(squares) vs 1064-nm laser power. RCI™ + Np— Np"" + RCI (5)
R Kaim = Kai N
temperature jump in a long time scale (hundreds of nanoseconds Np S+ Np - Np, * (6)
to milliseconds)*®4”However, the present experimental results Ko
are not from the photothermal process. Because the 1064-nm Np™* (and NQ’+) + CI” — product (7)

laser photon resonates to the B Dy transition of Np*™ and
only Np** can be excited during the second 1064-nm laser
irradiation, the rapid bleaching of My at 570 and 1000 nm
together with the growth of Np at 685 nm (Figure 2A,B,C)

The transient absorption spectra of *N@nd Np** in the
visible and near-IR regions in DCE were shown in Figure 6.
The absorption band at 700 nm is assigned to"Np*? The
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Figure 5. Plots of the observed rate constarits,d of the recovery
and decay time profiles at 570 and 685 nm (open and solid circles,
respectively) during the second 1064-nm laser irradiation vs the Np
concentration.
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Figure 6. Transient absorption spectrum observed at 20 ns after the

8-ns electron pulse during the pulse radiolysis of Np (£.Q0~2 M)
in DCE.
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Figure 7. Time profiles of the transient absorption at 580 (A), 980
(B), and 700 nm (C) assigned to pp Np*, and Np*, respectively,
during the pulse radiolysis (dotted line) and the pulse radiobjaiser
flash photolysis combined method with the 1064-nm laser flash of 160

mJ flash? (solid line). The insets show the time profiles of the
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SCHEME 2: Schematic Diagrams for Npe™ (Do),
Npze*(D1), Npe™ (Do), and Npe*(Dy)?

hva Np**(D+)
5| L) :
E A ~1.06 eV
~1.03ev||i!C
Np."(Do); W Np'*(Do)

Reaction coordinate

ahv, is the second 1064-nm laser flash. IC is the internal conversion.
The arrow shows the dissociation of N{{D;) to Np"(Do) through
the crossing of two potential surfaces.

7 in the time scale of 5100 ns, these profiles correspond to
the dimerization of Np” and Np (eq 6). The rate constant was
calculated to bégir = 7.8 x 10° M~ s71in DCE at 25°C48
The decay in the long time scale 100 ns) at 580, 980, and
700 nm was mainly due to the neutralization of,Npand Np*™

with chloride ion (eq 7). Because the equilibrium exists between
Np* and Np**, the dacay showed similar behavior for the
absorption at 580, 980, and 700 nm.

Selective photoexcitation of NP was carried out in DCE
with the pulse radiolysislaser flash photolysis combined
method3®4051The experimental results observed were similar
to those observed during the two-color two-laser flash photolysis
of Np in acetonitrile. The bleaching and recovery of the
absorption bands of Np~ at 580 and 980 nm were observed
together with the growth and decay of Nt 700 nm during
the second 1064-nm laser irradiation as shown in Figure 7.
Obviously, the photodissociation and the subsequent regenera-
tion of intermolecular Ng* occurred during the 1064-nm laser
irradiation of Np**. The insets in Figure 7A,B,C show the time
profiles of the absorption changes during the second 1064-nm
laser irradiation. The rapid bleaching of Xpat 580 and 980
nm as well as the growth of Npat 700 nm correspond to the
photodissociation of Np™(D;) to give Np* and Np within the
5-ns laser flash duration. The recovery of,Npat 580 and 980
nm as well as the decay of Npat 700 nm correspond to the
dimerization of Np"™ and Np to give Ng*. The Ky, of the
formation of Np** was calculated to be (7# 0.6) x 10° M1
s71, which was nearly equal thyr = 7.8 x 10® M~ s1in
DCE at 25°C#8

Mechanisms of Photodissociation and Regeneration of
Np2**. Because the-AH value for the formation of Np™ from
the dimerization of Np~ and Np is approximately 50 kJ
mol~1,273L.82Np,+ is more stable than Np in solution. The
dimerization of Np* and Np occurs agim = Kgiff to give Np*™*.
Since the—AH value is approximately equal to half of the
energy gap of the CR barfd2°irradiation of Np*(Dy) at the
CR band with the 1064-nm laser provides enough high energy
for the dissociation of Np™(D;) to give Np*(D;) and Np
through the crossing of two potential surfaces opN(D;) and

absorption changes during the second 1064-nm laser irradiation obtainedNp**(Do) as shown in Scheme 2.

by subtraction of the dotted line from the solid line. The bold solid
line in the inset was the fitting curve as the pseudo-first-order
exponential function. The delay time of the 1064-nm laser after the
electron pulse was 200 ns.

The small ® value indicates that the main deactivation
pathway of Np'*(D,) is the internal conversion to Mg (Do),
while the dissociation of Np"(D1) occurs as a minor pathway.
It should be noted that Np'(Ds) cannot dissociate to Np-

absorption bands around 580 and 1050 nm are assigned to théD1) + Np, since Np(D1) has higher energy than Bp-

LE and CR bands of Np", respectively’’2%30-32The absorption
peaks of Np" and Np** in DCE shifted to the longer

(Dl)_36,43
As indicated above, the photodissociation of,f\ifD;) and

wavelengths in a few tens of nanometers compared with thoseformation of Np* (Do) and Np occur within the 5-ns laser flash

in acetonitrile3%4051 Since the decay profile of the 700-nm

duration. On the other hand, the formation of free™\Po)

absorption in Figure 7C was almost the same as the growthand Np in solution during the photoirradiation of Xpsuggests

profiles of the 580- and 980-nm bands in parts A and B of Figure

that Np™ (Do) and Np can escape from the solvent cage before
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SCHEME 3: Schematic Diagrams for Photodissociation
of Npze™(D;) To Give Npet(Dg) and Np and Dimerization
of Npe*(Dg) and Np To Give Npze™(Dg)?

Np2™(D1)

kdiss
(Np**(Dg) + Np)cage

hv1o64 kic Kdim' /< 5 ns \Kesc

Np*(Do) + Np
Np2**(Do) T = ks

akyiss i the rate constant of the dissociation from NfD;) to
Np*(Dg) and Np.kc is the internal conversion rate constant from
Np2+(D1) to Np>"(Do). kainv is the rate constant of the dimerization of
Np*(Dg) and Np in a cage within 5 n&escis the escape rate constant
from Np*(Do) and Np in a cage to free KffDo) and Np.kdim is the
rate constant of the dimerization of NDo) and Np, which is equal
to Kaif-

regeneration of Np*t(Do). Therefore, the small® value
indicates that the rapid regeneration of Npwithin a solvent
cage is assumed to occur as well as the dissociation gf"Np
within the 5-ns laser flash duration (Scheme 3). The inial
value for the dissociation of Np~ into Np'™ and Np in a cage
may be much larger than the appardntvalue.

During the 1064-nm irradiation of Np" (Do), Np>*(Do) is
excited to Np"*(Dy), from which rapid internal conversion from
Npz*(D;) to Np*"(Dg) occurs atkc. Npx*™ partly dissociates
to Np™(Do) and Np in a cage aktgiss from which Np™(Do)
and Np escape &tscto give free NpT (Do) and Np. Therefore,
the apparen® value,® = [Kyisd(Kdiss + Kic)][ Kesd(Kesc * Kainr)]
= 0.0032, was obtained, whekgss Kic, Kese @andKkgim denote
the rate constants of the dissociation fromyNfD;) to Np**-
(Do) and Np, the internal conversion from MNp(D;) to Np**-
(Do), the escape from Np(Dg) and Np in a cage to free
Np**(Dg) and Np, and the dimerization of NfDo) and Np in
a cage within 5 ns, respectively. The initi@l value @initias =
kaisd(kaiss + kic)) of the dissociation from Np*(D1) to Np*+-

J. Phys. Chem. A, Vol. 110, No. 30, 2008323

Np* and Np and the subsequent regeneration of Npith
the two-color two-laser flash photolysis and pulse radiolysis
laser flash photolysis combined method.
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