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Significant Effects of Substituents on Substituted Naphthalenes in the Higher Triplet
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Substituent effect on the lifetimes of a series of substituted naphthalenes (Np) in the higher triplet excited
state (T,) was studied with transient absorption measurements using the two-color two-laser flash photolysis
technique. Lifetimes of Np()) in cyclohexane solution were determined from the triplet energy transfer
quenching by carbon tetrachloride to be G-:®3 ps. The different lifetimes of NpgJwere explained by the
energy gap law for the internal conversion from Np(fb Np(T,), indicating that Np(¥) quenched by carbon
tetrachloride is assigned to Npf§Twith the longest lifetime among NpgX The lifetime of Np(T) was
correlative with the Hammett, constant. Electronic characters of substituents showed a more significant
influence on the energy of the, Btate than that of theTstate.

1. Introduction This value is well consistent with those obtained by theoretical
calculation and product analysis?829

Properties in the Jstate are affected by the substituent, while
there are only a few reports about substituent effect on aromatic

. L . . hydrocarbons in theIstates. For example, the anthracepne S
molecules in the Jstates is limited, because the direct detection T, energy gap varied by changing the solvent and substitu-

ofthe T, stz?lte§ is extremely difficullt dge to their short lifetimes ent3031 Bohne et al. reported that the lifetime of substituted
and no emissive character. Some indirect approaches have beegnthracene (@ depends on thesF T3 vibronic coupling®2 Our

employed to estimate the lifetimes of molecules in thesfate. previous work on a variety of substituted benzophenongs (T

One of the indirect methods is the analysis of the product g egled that the lifetime is also affected by the substituent on
resulting from triplet energy transfer (ENT) from the dtate. the benzene ringf?” Therefore, the substituent is one of the

Ladwig et al. determined the lifetime of naphthaleng) #sing important factors governing the lifetime of the, Ttate
hlgh-c_oncentratlon be”?e”e Wh'Ch. acts as the _trlplet q_u_enChermolecules. Although naphthalene is a fundamental and important
and triplet energy carrier tendodicyclopentadiene, giving  51omatic hydrocarbon particularly in photochemistry, limited
norbornene from the Tstate!*° Saltiel et al. reported a similar |\ whers of theoretical and experimental studies have been
approach in \_Nhich the sensitized photoisomgrization of stilbene reported on its higher excited stafésl’.28.2° Moreover, no

or 24-hexadiene is usgd as a probe of the triplet energy quenchyy qiematic study has been reported on the substituent effect on
ing of anthracene (J.* Recently, two-color two-laser flash e hronerties of substituted naphthalenes (Np) in thetates
photolysis was used to estimate the lifetimes of thestates (Np(Ty)). In this paper, we describe the substituent effect on
from the ENT quenching of theqBtate molecules by an appro- e jitetime of Np(T;) based on transient absorption measure-

priate triplet quencher that has the lowest excited triplet energy ot using two-color two-laser flash photolvsis.
(E(T1)) betweerE(T;) andE(T,) of the target molecules:24-27 g P 4

Since molecules in the,states decay to the; Btate through
fast internal conversion, no change of the State transient
absorption was observed during the nanosecond laser excitation 2.1. Materials. Structures of all naphthalene derivatives (Np)

of the T, state. However, bleaching of the transient absorption are shown in Chart 1. 2-Methylnaphthalene, 1-cyanonaphthalene,
of the T, state was observed in the presence of the triplet naphthalene, and benzophenone were recrystallized two or three
quencher of the { state. For example, carbon tetrachloride times from ethanol before use. Other compounds were of the
(CCly) quenches naphthalene in thgsTate (naphthalene ) highest grade available and used as received. Sample solutions
through the ENT quenching mechanism, but does not quenchwere prepared in cyclohexane and deoxygenated by bubbling
naphthalene (j.172427 We have estimated the lifetime of  with argon gas for 30 min before irradiation. All laser experi-
naphthalene (j) to be 4.5 ps in acetonitrile based on the £Cl  ments were carried out at room temperature.

concentration dependence of the ENT quenChIng effICIéﬁcy 2.2. Phosphorescence Measurement at 77 Rhosphores_
cence spectra were recorded at 77 K in 1-methylpentane glass
* Corresponding author. E-mail: majima@sanken.osaka-u.ac.jp. using a HITACHI 850 spectrophotometer.

Properties of molecules in the higher triplet excited states
(Tn) are an attractive subject in the fields of photochemistry,
photophysics, and photobiolody3? However, information on

2. Experimental Section
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CHART 1. Molecular Structures of 1- and 2-Substituted

Naphthalenes
X
99 oy
0.0 . . L S B e A PO
X = H, CN, CH),CN, CHs, X = H, CH,CN, CHj, 60 380 400 420 440 460 480 500 520
CH,CHj;, CH(CHj3),, OCH3 CH,CH,;, CH(CHa)z, Wavelength (nm)
OCH, Figure 2. Transient absorption spectra observed at 200 ns after 355-

nm laser excitation of 2-substituted Np (naphthalene (a), 2-methyl-

2.3. Transient Absorption Measurement Using Two-Color naphthalene (b), 2-ethylnaphthalene (c), and 2-methoxynaphthalene (d))
Two-Laser Flash Photolysis.Two-color two-laser flash pho- (7.0 x 1072 M) in the presence of BP (7. 103 M) in Ar-saturated

tolysis experiment was carried out using the third harmonic cyclohexane solution at room temperature.
oscillation (355 nm) of an Nd:YAG laser (Quantel, Brilliant; . .
: TABLE 1: Peak of T—T Absorption (4Amax) and Extinction
5ns fwhm)_ as the first Iz_aser and the 425-nm flash from an OPO ~ s¢ricient (€) of Np at the Peak Position.
laser (Continuum, Surelite OPO) pumped by afNMAG laser

(Continuum, Surelite 1-10; 5 ns fwhm) as the second laser. The Np Amax (NM) € (M~ en)
delay time of two laser flashes was adjusted to 70 ns by three  1-cyanonaphthalene 442 16 000
four-channel digital delay/pulse generators (Stanford Research ﬁ;ﬁﬂ;ﬁ‘g:}ee”eaceton“”'e 4‘1155 5 j‘éggo
Systems, Model DG 535). Two !aser_ beams were adjusted to 1-methylnaphthalene 419 29 000
overlap at the sample. The monitor light source was a 450 W 1-ethylnaphthalene 424 25000
Xe lamp (Osram XBO-450) synchronized with the laser flash.  1-isopropylnaphthalene 424 26 000
The monitor light perpendicular to the laser beams was focused ~ 1-methoxynaphthalene 440 18 000
on a monochromator (Nikon G250). The output of the mono-  2-naphthaleneacetonitrile 416 28 000

hromator was monitored using a photomultiplier tube (PMT) 2-methylnaphthalene 419 28 000
c . g a phol p 2-ethylnaphthalene 419 29 000
(Hamamatsu Photonics, R928). The signal from the PMT was  2-isopropylnaphthalene 420 29 000
recorded on a transient digitizer (Tektronix, TDS 580D four- 2-methoxynaphthalene 431 23 000

channel digital phosphor oscilloscope). To avoid stray light and 2 Reference 33.
pyrolysis of the sample by the probe light, suitable filters were . ) )
employed. The samples were contained in a transparent'® Summarized in Table 1. The—T absorption band of

rectangular quartz cell (1.8 1.0 x 4.0 cm) at room temper-  naphthalene at 415 nm has been assigned téthe - °B1,*
transition, which is long-axis polarizéd-2¢ Relatively largec

are. values were observed for 2-substituted naphthalenes compared
3. Results with those for 1-substituted naphthalenes. The shape—of T
. i ) absorption of 1-methoxynaphthalene was largely deformed,
3.1. Triplet—Triplet Absorption Spectra of Np. In the indicating that another short-axis-polarized transition such as

present paper, substituents of Np were selected to examine thgpo 3A,~ < 3By, transition is possibly induced by the
effects of their electronic characters and positions on the lifetime g, pstitution of the methoxy group at the 1-positirie

of Np(Ty). CCl, was used as a quencher of Ng(Tsince our 3.2. Two-Color Two-Laser Excitation Experiments. Np-
previous work demonstrated that GG@uenches naphthalene (Tn) can be generated by the excitation of Np(With the
(Tn) but not naphthalene ¢J.** Np(T1) was generated from the  gecong |aser (425 nm, 9 mJ puldeat 70 ns after the first
triplet sensitization with benzophenone (BP) during irradiation |55er. No change of the transient absorption of Np(@as
with the first laser (355 nm, 3 mJ pulsg of the mixtures. The gpserved during the irradiation with the second laser in the
trlplet—trlpl_et ('_I'—T) absorption spectra of Np were (_)bserved absence of CGl It is suggested that the fast T~ Ty internal

as shown in Figures 1 and 2. At the Np concentrations used, conyersion (IC) occurs within the laser flash duration (5 ns).

ENT .fr_om BP(T) to Np is quan.titative. Thus, the exti_nction In the presence of CGlthe bleaching of the transient
coefficients €) of Np can be estimated from a comparison of absorption of Np(T) was observed after the second laser
signal intensity with that of naphthalene (24 500 \m ™ at irradiation, as shown in Figures 3 and 4. The yield of bleaching
415 nm in nonpolar solvent}. The estimated values of Np
0.10
0.10

N

0.08 - . . , : B O'OgGO 380 400 420 440 460 48Q 500 520
60 380 400 420 440 460 480 500 520 Wavelength (nm)
Wavelength (nm) Figure 3. Transient absorption spectra observed at 200 ns after the
Figure 1. Transient absorption spectra observed at 200 ns after 355- first laser pulse during two-color two-laser photolysis (355 and 425
nm laser excitation of 1-substituted Np (naphthalene (a), 1-methyl- nm, broken line) and one-laser photolysis (355 nm, solid line) of a
naphthalene (b), 1-ethylnaphthalene (c), 1-methoxynaphthalene (d), andmixture of 2-methylnaphthalene (7:0 103 M) and BP (7.0x 1073
1-cyanonaphthalene (e)) (7201073 M) in the presence of BP (7.9 M) in Ar-saturated cyclohexane solution in the presence of,CCOD
1073 M) in Ar-saturated cyclohexane solution at room temperature. M) at room temperature.
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Figure 4. Kinetic traces ofAOD at 415 nm during two-color two-
laser flash photolysis of a mixture of 2-methylnaphthalene & 103
M) and BP (7.0x 1073 M) in Ar-saturated cyclohexane solution in
the absence (a) and presence of JGI1 (b), 0.2 (c), 0.3 (d), and 0.4
M (e)) at room temperature.

SCHEME 1: Schematic Energy Diagram for BP, Np,
and CCly in Their Ground and Excited States?

Ao

Tn
_A BP S,
BP S1 th -
BP T CClg* Reaction
. Np z T}
ENT -
hv
_|errs, Ne ¢S,

aWavy lines indicate relaxation processes.

of 2-methylnaphthalene ¢y during the second laser irradiation
increased with an increase in the concentration of,Q&fure

4). Similar transient absorption changes were observed with the
other Np. This bleaching indicates that Ng),Tproduced by

irradiation of the second laser, disappeared through a process, o,

(or processes) which does not (or do not) regenerate )p(T

The supposed photoinduced processes are shown in Scheme 1.

4. Discussion

4.1. Reactions from Np(T,). Since the formation and decay
of Np(T,) occur within the duration of the second laser flash (5
ns), Np(T,) cannot be monitored directly. The bleaching\@®D
at the peak assigned to NpjTin the presence of C¢Wwithin
the second laser flastAAOD = AODyefore — AODagsier, Where
AODpetore@Nd AODgyser refer toAOD before and after the second
laser flash, respectively) results from the quenching of Np(T
by CCl. Limited numbers of studies on the photoinduced
reactions from the Jstate have been reportéd’ Most of them
are ENT from T, to the triplet quenchers. However, Wang et
al. reported the electron transfer (ELT) quenching of anthracene
(Tn) by bromoethyl acetate in acetonitrifé Thus, we used
cyclohexane as a solvent to suppress the ELT from Np{No

Chem. A, Vol. 109, No. 21, 200859
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Figure 5. Plots of AAOD)™* vs [CCL]* during two-color two-laser
photolysis of naphthalen@®], 1-cyanonaphthalen&®j, 1-naphthale-
neacetonitrile M), 1-methylnaphthalenea(, 1-ethylnaphthalenex),
1-isopropylnaphthalenex(), and 1-methoxynaphthalen&l) in the
presence of various concentrations of €Cl

kq is the ENT quenching rate constant of Ng(by CCl,, and
T is the lifetime of Np(T). According to eq 1, the plots of
(AAOD)™1 vs [CCly]~! showed a linear relation as shown in
Figure 5.

The ENT quenching mechanism of NpfTy CCl, cannot
be explained by the simple diffusion-controlled process because
of the quite short of Np(T,) and high concentration of C£I
For such systems, the quenching rate condgistrepresented
as a sum of the lifetime-independent and -dependent terms. The
lifetime-independent term refers to a dynamic process. The
lifetime-dependent term (i.e., static quenching) refers to the
process by which a donor is quenched at the instant of the
excitation by a ground state quencher that locates sufficiently
close to the dono??:3%-41 Assuming that' is a true collisional
distance between two reactive molecules A* and B (A* is an
electronically excited molecule) aridlis the sum of diffusion
coefficients of A* and B, the classical theory leads to the
ytical expression df; (eq 2)17:39-41

O,I
=Kyl 1+ 2
wherekgis is a diffusional constant given Bb39-41
Kyir = 47No’'D 3

whereN is Avogadro’s number. We employed = 0.6 nm
andD = 0.8 x 107° cn? s 117 From egs 2 and 3 and the
parameters obtained from Figure 5, thealues of Np(T,) were
estimated and are summarized in Table 2.

4.3. Assignment of Triplet Manifold of Np(Ty). From the
energy gap law, the energy gap for IGE) and r have the
relation of eq 4%7.24727.34.43

%z ke ~ 10°° exp—aAE) )

generation of radical cations was observed, suggesting that ELT

does not occur in the present system. Back intersystem crossingVherekic is the rate constant of IC and is given by a reciprocal

(Tn — Sl) can also be neg]ected since no fluorescence from of r.atis a prOpOftionality constant and is calculated to be 3.8

Np(Sy) was observed after the second laser irradiation. using the energy gap between naphthalengdiid naphthalene
4.2. Determination of lifetime of Np(T,). Assuming that  (T1) and ther value in cyclohexan& The estimated is almost

the ENT quenching of Np¢J occurs by the bimolecular reaction ~ the same as the previously reported véfusypporting the IC

process,AAOD can be represented as a function of the between % and T.. For other naphthalenes, theE values
concentration of CGI([CCl,]) as shown in eq 17:37:38 estimated using the. andr values are listed in Table 2.

The T-T absorption of naphthalene {)Thas been assigned
1 to the T, — T transition?®3244However, the contribution of
AAOD the T, (n = 3—10) seems to be small because the G F
T») is too fast for the bimolecular reaction due to a quite small
energy gap for T (n = 2—10)2° Additionally, in the present

wheref is a constant that depends on the reaction systéhs8
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TABLE 2: Lifetimes of Np(T ) (r), Energies of the Lowest
and Higher Triplet Excited States (E(T,) and E(T,)), and
Energy Gaps between the Lowest and Higher Triplet
Excited States AE)

E(Ty) ET) AE

7 (ps) ev) (V) (V)
1-cyanonaphthalene 0.980.53 2.52 3.1 0.6
1-naphthaleneacetonitrile #M1.2 2.62 3.9 1.3
naphthalene 9420 2.64 3.8 1.2
1-methylnaphthalene 950.77 2.63 3.9 1.3 LS
1-ethylnaphthalene 18 4.3 2.59 4.0 1.4 : . L . " L
1-isopropylnaphthalene 4527 258 4.2 1.6 -02 00 02 04 06
1-methoxynaphthalene 6186 263 43 17 S,
g:ﬂ%ﬁﬂ;ﬁ‘gﬁﬁﬁgsﬁglmle ﬁ gg ggg ig ig Figure 7. Plots ofE(T,) (a) andE(T>) (®) of 1-substituted naphthalene
2-ethylnaphthalene 3692 262 42 16 andEt(Tlt)a(A') andlEg 2) (O) of 2-substituted naphthalene vs Hammett
2-isopropylnaphthalene 4810 2.58 4.2 1.6 constaniop In cyclohexane.
2-methoxynaphthalene 6813 2.62 4.3 1.7

5. Conclusions
aReferences 33 and 42Calculated from the phosphorescence

spectra. We determined values of substituted Np in the $tate using
two-color two-laser flash photolysis. Effects of the substituents
80 on ther values of Np(E) were systematically studied. It is found
701 that the electronic characters of the substituents influence more
60 significantly the Np(F) state than the Np(]) state. The values
7 O of 1- and 2-substituted NpgY'showed Hammett type correlation
% 40r with the g, value.
30}
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