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Substituent and Matrix Effects on the Excited Triplet States of 1,4-Naphthoquinones
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Phosphorescence and TREPR spectra have been measured for 2-methyl-1,4-naphthoquinone (MNQ), 2,3-
dimethyl-1,4-naphthoquinone (DMNQ), and 2-methoxynaphthoquinone (MeONQ) in several matrices at low
temperatures. Thi| value of ZFS parameter decreases with increasing the electron-donating character of
the substituent group. For MNQ, the, Btate is clearly assigned to Baz* in character. The broad
phosphorescence spectra and minor effects of the matrix polarity on the ZFS parameters lead to the conclusion
that the character of the, Btates are mainlyzz* in DMNQ and MeONQ. The T states of the present
naphthoquinone derivatives have more or less mixed character éfithend 3zx* states.

1. Introduction o y
Photophysics and photochemistry of 1,4-naphthoquinones O‘ R1 lx z

have been a subject of study for a long titneStudies by
emission and absorption spectroscopies made a fundamental R

contribution to our understanding of the electronic structure of 0

their excited state%:* The primary photochemical processes

have been also investigated very actively by CIBE&nd laser Ry R,
flash photolysis spectroscopi€s® However, little is known NQ H H

of the ZFS parameters of the $tates of 1,4-naphthoquinone MNQ CHg H

(NQ) and its derivatives. Using a time-resolved EPR (TREPR) DMNQ CHs  CHg

MeONQ OCH3 H

technique, a very large zero-field splitting (ZFS) constant of
ID| = 0.33 cnt was determined for theyBtate of NQ in polar  Figure 1. Molecular structure and principal axes of 1,4-naphthoqui-
solventst! The large|D| value is probably due to coupling of  nones.

the Ti(®nz*) and upper lying3za* states through spinorbit

interaction. In a neat crystal of NQ, the State is ascribed to The triplet EPR spectra are interpreted by the following spin
a superposition of the twosrt states of the free molecule, Hamiltonian:

indicating a large intermolecular interaction between the nearest

neighbor molecule® It can be expected that the electronic H=gBB:S+ SD-S

structure of the triplet state naphthoquinones depends on the . 2 2 2
substituents and also is influenced by matrices, because they =gfBS—X§ - Y§ - Z§

have relatively small energy differences between®tie* and _ 2 2 2
37+ states. In the previous work, we reported that theffites =gBB-S+ D[S? — (1/3)S] + E[S*— ]

of o-quinones such as 1,2-naphthoquinone and 9,10-phenan-
threnequinone were significantly affected by matrix polatty. ~ whereD is the ZFS tensor with principal values X, —Y, and

It is well-known that solvent polarity affects the electronic —2)- D andE describe the ZFS parameters that are related to
structure of the excited triplet states of carbonyl compounds. (=% —Y, and—2) by D = —32/2 andE = (Y — X)/2. The
The T, state characters of the carbonyl molecules with small @nisotropy of theg tensor could be neglected in the analysis of
energy separation between threr* —37* states are signifi-  the TREPR spectra in the present system.
cantly sensitive to the matrix polari§=22 On the other hand, ) )
for benzophenone, the complex formation with water is essential 2 EXPerimental Section
to change the Tstate character frorfnz* to mixed 3nz* — NQ and MNQ were purchased from Wako Chem. and Tokyo
S7*.2324 The energy levels ofvi* states are destabilized more  Kasei Co., respectively. DMNQ was kindly donated from Eisai
than those ofzz* by the solvation with polar molecules or  Chemical Co., Ltd. MeONQ was prepared according to the
hydrogen bond formation with protic solvents. procedures reported previougfy.NQ and DMNQ were purified

In the present paper, we have investigated thestates of by passing through a silica gel column with benzene. MNQ
2-methyl-1,4-naphthoquinone (MNQ), 2,3-dimethyl-1,4-naph- and MeONQ were carefully purified by recrystallization from
thoquinone (DMNQ), and 2-methoxynaphthoquinone (MeONQ) ethanol in the dark. Since the presence of water in solvents
by emission and time-resolved EPR (TREPR) spectroscopiesgave drastic effects on the phosphorescence and TREPR spectra,
(Figure 1). Matrix effects on the phosphorescence and TREPRsolvents were all carefully dehydrated. Spectrograde solvents
spectra have been measured. (Nacalai) of toluene ana-hexane were degassed by freeze-
pump-thaw cycles and dehydration using sodium metal. Meth-
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. ylcyclohexane (MCH, Aldrich, Spectrograde) was degassed and
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Figure 2. Phosphorescence spectra of NQ and its derivatives in
n-hexane (a) and absolute ethanol (b) matrices at 77 K. The spectrum
of MeONQ was observed at 8s after the laser photolysis and the
others were measured at 508. See text for detail.

stored on molecular sieves 4A (Nacalai). Spectrograde solvent
of 2-methyltetrahydrofuran (MTHF, Aldrich) was purified by
passing through a basic alumina column and distillation,
followed by dehydration with sodium metal. Absolute ethanol
(Wako), which was obtained by reflux with Mg metal for 48 h,
was degassed by freezpump-thaw cycles and stored over
molecular sieve 4A in a vacuum line.

The phosphorescence spectra were recorded using the muli:igure 3. TREPR spectra of MNOQ, DMNQ, and MeONQ observed
tichannel analyzer controlled by a personal computer. A diode ) L S
array (Princeton Instruments, IRY-700) was triggered and gated at 0.5us after the laser pulse in an MTHF matrix at 77 K.
by the combined system of a digital delay/pulse generator
(Stanford Research, DG-535), a pulse generator (Princeton
Instruments, FG-100), and a personal computer (NEC PC-9801 ".p, o phosphorescence lifetime was measured for MeONQ in
BA). The transient signals were accumulated eight times on

a methanol/ethanol (1:1, v/v) matrix at 77 K where those of
the computer. A Nd:YAG laser (Quanta-Ray GCR-14, 355 _nm) NQ, MNQ, and DMI\(IQ Were)previously reported to be 0.14,

'v.84, and 1.4 ms, respectively. The lifetime of 4.2 ms was
obtained for MeONQ. These values indicate that the phospho-
rescence lifetimes increases with increase of the electron-

0 200 400 600
Magnetic field / mT

the naphthoquinone derivatives are due to the unknown pho-
toreaction products.

spectra were performed with the concentration of*t@ol dnt3
of the quinones. TREPR measurements were carried out by

using a \_/arlan X-band EPR spectrometer without magnetic field donating character of the substituent group on naphthoquinones.
modulation as reported previougf.A helium cryostat (Oxford TREPR Spectra. As shown in Figure 3, the TREPR spectra

ESR-900) was utilized for the measurements at very low of MNQ, DMNQ, and MeONQ were clearly observed in an
temperatures. An excimer laser (XeCl 308 nm, Lumonics HE- MTHE n,1atrix at,77 K. The strong emissive signals around
420) was used as the light pulse source. TREPR measurementa 13 T correspond to fhkikMsl — 2 transition. ThelAMg =

. . 3 3
were performed with the concentration of £6-10° mol dnm- 1 transitions show the spin polarization of EEE at the low-field

of quinones. half and AAA at the high-field half, where E and A represent
emission and absorption of microwave, respectively. We could
not obtain the TREPR spectrum of NQ in an MTHF matrix
Phosphorescence SpectraFigure 2a depicts the phospho- even at 4 K. This is probably ascribable to the large value of
rescence spectra of NQ and its derivatives mlgexane matrix the ZFS parameters due to strong spimbit interaction.

3. Results

at 77 K. NQ @oo= 503 nm) and MNQ 4oo = 498 nm) showed It is reasonable to assume that the spin-orbit interaction due
characteristic®nt* phosphorescence spectra. These spectrato the carbonyl oxygen atoms plays an important role for the
agree well with those reported previoudlyror DMNQ (Aoo = intersystem crossing (ISC) process from thesfaite to the T

521 nm) and MeONQ/ax = 578 nm), relatively red-shifted  state of the present quinones. Therefore, theublevel would

and broad phosphorescence spectra were observed in hexane &k mainly populated in the ISC process, where yhexis is

77 K. The 00 energy for DMNQ was estimated from the parallel to the carbonyl bonds (see Figure 1). From the observed

phosphorescence shoulder. The very weak emission observegbolarization pattern (EEEE/AAA), we tentatively conclude that

in the wavelength region shorter than 500 nm is considered to the preferentially populated ,Tsublevel is the highest one.

be due to the photoreaction products, because the intensityAlthough the in-plane principaly(andz) axes are ambiguous

increases with increasing the laser photolysis. for MNQ and MeONQ because of their low symmetry, the
In order to examine hydrogen-bonding effects, the phospho- deviation is considered to be small. The speculation would be

rescence spectra in an absolute ethanol matrix were measuredeasonable because the present quinones show the same relative

(Figure 2b). The spectra of NQ and MNQ show well-resolved population difference in the triplet sublevels through the ISC

vibrational structures though they are slightly broadened as described below. The TREPR spectra observed were well

compared with those in a hexane matrix. The red-shifted reproduced by computer simulation (Figure 3). Tbévalues

spectrum of DMNQ may be induced by hydrogen-bonding determined were 0.195, 0.169, and 0.145 &érfor MNQ,

ethanol molecules. The very weak emission bands observedDMNQ, and MeONQ, respectively. The line shape of the

in the wavelength region shorter than 500 nm in the spectra of Gaussian type was used to reproduce the observed TREPR
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TABLE 1: ZFS Parameters (D2 and EP in cm~2) of 1,4-Naphthoquinone Derivatives in Several Matrices at Very Low

Temperatures
MCH toluene MTHF absolute ethanol
D E D E D E D E
MNQ —0.199 0.0165 —-0.176 0.0102 —0.195 0.0165 —0.215 0.0170
DMNQ —-0.169 0.0145 —0.161 0.0143 —-0.169 0.0145 -0.173 0.0162
MeONQ —0.135 0.0165 —0.140 0.0165 —0.145 0.0155 —0.155 0.0165

aD = —(3/2) Y. E = —(1/2)(X — 2).
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Figure 4. TREPR spectra of MNQ, DMNQ, and MeONQ observed
at 0.5us after the laser pulse in an absolute ethanol matrix at 30 K.

spectra. The line width is larger in MNQ (14 mT: 131072
cm™1) than those in DMNQ (8 mT) and MeONQ (8 mT).
Relatively a small amount of population in the middle sublevel
was obtained from the simulation. The middle sublevel was
tentatively assigned to the in-plang, Bince the ISC into the
out-of-plane T would be the smallest in planar organic
molecules. The ratio of the relative population differences was
determined to be (p— pJ:(p: — px) = 0.9:0.1 in the present
quinone derivatives. Thus, the order of the triplet sublevels
was assigned to bey > 0 > T, > Ty in energy.

In an MCH matrix, very strong emissive signals dugAdIg|
= 2 transition and radical productg € 2.003) were observed
while the]AMg| = 1 transitions were relatively broad. Strong
radical signals also were measured everd & in an MCH
matrix. These are probably due to hydrogen abstraction from
the matrix molecules. The ZFS parameters listed in Table 1
and the component line width of the spectra in MCH are quite
similar to those observed in an MTHF matrix.

In a toluene matrix, a relatively smab| value (0.176 cm?)
and Gaussian line width (8 mT) were observed for MNQ

matrices. The Gaussian line width of 20 mT was used to
reproduce the spectrum of MNQ while they were 9 and 8 mT
for DMNQ and MeONQ, respectively. Inhomogeneous distri-
bution of the ZFS parameters may be responsible for the TREPR
spectral features of MNQ. This is probably because the
environment of the quinones is heterogeneous. On the other
hand, for DMNQ and MeONQ, the hydrogen bond formation
had little effect on the ZFS parameters. When undehydrated
ethanol was used as a matrix, the TREPR spectra become
significantly weaker but little effect on the ZFS parameters was
observed.

4. Discussion

Since the phosphorescence spectrum of MNQ showed well-
resolved vibrational structure even in alcohol matrices, the T
state is considered to be maintgz* in character in protic
matrices as well as in nonpolar matrices. The observed matrix
dependence of the ZFS parameters clearly suggests the mixing
of 3zx* character in the T state through the spin-orbit
interactions. The remarkable inhomogeneous broadening of the
TREPR spectra observed indicates that the contribution of the
spin—orbit interaction is heterogeneous in MNQ.

On the other hand, DMNQ and MeONQ showed broad
phosphorescence spectra and the lifetimes were longer than those
of NQ and MNQ. Little matrix effect on the ZFS parameters
was observed in these quinones. These experimental facts lead
to the conclusion that the; Btates of DMNQ and MeONQ are
mainly 3zz* in character. The assignment is also supported
by the fact that the component line widths of the TREPR spectra
of DMNQ and MeONQ are less than half of that in MNQ. Since
|D| values are relatively large in these quinones compared with
those of the usudh* states of hydrocarbons, it can be deduced
that there exists weak spin-orbit coupling with ther* state
located at a higher energy. The change of the electron spin
distribution gave negligible effect on the relative population
difference in the triplet sublevel. This result indicates that the
ISC process is dominantly governed by the spin-orbit interaction
due to the carbonyl oxygen atoms. We conclude that the T
states of the present naphthoquinone derivatives have more or
less mixed character éha* and 3zz*.

Semiempirical calculations using the INDO/1 algorithm were
performed to confirm the substituent effects on the electronic
structure of naphthoquinon@%.The important upper occupied
MOs and the lowest unoccupied MO of NQ obtained are shown
in Figure 5. The HOMO is n MO in NQ. The LUMO and
next LUMO aresr—* and ' —*, respectively. Figure 6 depicts
the dependence of the eigen values of the LUMO and the four
highest occupied MOs on the substituted groups. Although the

compared with those in the other matrices. In contrast, the ZFS perturbation of a methyl group is negligible in MNQ, the

parameters of DMNQ and MeONQ were nearly identical to
those in the MCH and MTHF matrices (Table 1).

TREPR measurements were also performed in alcoholic
matrices to examine the effects of hydrogen bonding on the

MO is significantly close to the.nMO in DMNQ. In MeONQ,

the HOMO calculated is clearly the. MO. The present results
indicate that the electron donating groups at the 2 and 3 positions
destabilize ther, orbital compared with the_.nMO, resulting

ZFS parameters. Figure 4 shows the TREPR spectra of thein the stabilization of ther,z_* states more than the_m_*
naphthoquinone derivatives in an absolute ethanol matrix. For states. Therefore, the main character of thestates would be

MNQ, the |AMg = 2 transition shifts to lower field and the
line width becomes broader in comparison with the nonprotic

Srym_* state in DMNQ and MeONQ. It should be noted that
the direct spin-orbit interaction between the.7_*({B,) and
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Figure 5. Pictorial representations of the LUMO and the four highest

occupied MOs of NQ calculated by INDO method. Only the positions
having the atomic coefficients more than 0.1 are described.
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Figure 6. INDO correlation diagram for NQ, MNQ, DMNQ, and
MeONQ.

3n_m_*(B1) states can be neglected because of the different

symmetry. The important excited state coupled with’ther_*
state in MNQ would be thér_z_*(A ;) state located a little
higher in energy.

The present results suggest that thesthtes of the naphtho-

Shimokage et al.

nones is remarkably sensitive to the electron donating substit-
uents in contrast to those gf-benzoquinones and 9,10-
anthraquinones.

5. Summary

(1) The phosphorescence spectrum of MNQ showed well-
resolved vibrational structures in various matrices, while in
DMNQ and MeONQ broad spectra were observed even in a
n-hexane matrix.

(2) The phosphorescence lifetimes were 0.14, 0.84, 1.4, and
4.2 ms for N@, MNQ,° DMNQ,” and MeONQ in methanol/
ethanol (1:1, v/v) at 77 K.

(3) The |D| value of the ZFS parameters decreased with
increasing the electron donating character of the substituent
groups at the 2 and 3 positions of 1,4-naphthoquinone. In MNQ,
the|D| value depended on the matrix polarity, while in DMNQ
and MeONQ minor matrix effect was observed. The component
line widths of the TREPR spectra in MNQ were more than twice
those in DMNQ and MeONQ.

(4) It has been concluded that the character of thetdte is
mainly 3n_z_* in NQ and MNQ, while it is mainly3z1z_* in
DMNQ and MeONQ. However, theTstates of the present
naphthoquinones are more or less mixed states oirttieand
Sg* states by the spin-orbit coupling.

(5) The energy dependence of the MOs calculated by
semiempirical method was consistent with the experimental
results.
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