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bstract

This work illustrates a switchover of reaction mode on account of steric effect in different types of media. We have observed that in polar organic
edium, 2-methyl-1,4-naphthoquinone (menadione, MQ) undergoes electron transfer (ET) with different amines, e.g., triethylamine (TEA), N,N-
imethylaniline (DMA) and 4,4′-bis(dimethylamino)diphenylmethane (DMDPM), whereas in SDS micelles it abstracts hydrogen from DMA and
MDPM although ET persists with TEA. On the contrary, our previous reports indicate that the mode of interaction of 9,10-anthraquinone with
MA and DMDPM is predominantly ET in both these media. Here we have attempted to explain such anomalous behavior.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Semiquinone radicals derived from naphthoquinone deriva-
ives are implicated for their antitumor action and associated
oxic effects [1]. We have intended to study the mode of inter-
ction of one such derivative, 2-methyl-1,4-naphthoquinone
menadione, MQ), a model for quinone drugs used in cancer
herapy, with some important amine bases, N,N-dimethylaniline
DMA), 4,4′-bis(dimethylamino)diphenylmethane (DMDPM)
nd triethylamine (TEA). It is known that human leukemic
ells exposed to MQ suffer from extensive DNA damage [2].
herefore we felt that it might be worth trying to elucidate the
xact nature of interaction of MQ in solution utilizing differ-
nt important donor molecules. Much work on MQ has been

one in aqueous solution [3–5], organic media [6] and micelles
7]. Some have been done in our laboratory regarding the mode
f interaction of MQ with DNA bases in acetonitrile (MeCN),

Abbreviations: ET, electron transfer; MQ, 2-methyl-1,4-naphthoquinone or
enadione; TEA, triethylamine; DMA, N,N-dimethylaniline; DMDPM, 4,4′-

is(dimethylamino)diphenylmethane; MeCN, acetonitrile; SDS, sodium dode-
yl sulphate; H, hydrogen; AQ, 9,10-anthraquinone; MF, magnetic field; MFE,
agnetic field effect; RP, radical pair; RIP, radical ion pair; HFI, hyperfine inter-

ction
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polar organic homogeneous medium and in heterogeneous
icellar medium (sodium dodecyl sulphate, SDS). This work

eveals a predominance of ET in MeCN and hydrogen (H) atom
ransfer in micelles [8]. Earlier we had studied the mode of
nteractions of 9,10-anthraquinone (AQ), a molecule with an
dditional phenyl ring in comparison to MQ, in same pair of
edia with DMA and DMDPM and observed a predominance

f ET in both the media [9]. This differential behavior indicates
hat structure of molecules and solvent play an important role in
ictating the mode of reaction.

An associated magnetic field effect (MFE) was utilized in
DS micelles to have a better understanding for such differen-

ial mode of interactions. An external MFE is possible where two
adicals, generated in a particular spin state at a certain distance
ake a round trip excursion to a distance where exchange inter-

ction is small. An external magnetic field (MF) or the internal
F provided by magnetic nuclei might effect the spin evolu-

ion process in between re-encounter and may thus influence the
ecombination rate. Micelles often increase the MFE on gem-
nate recombination by confining the radical pairs (RPs) and
ltering the round-trip diffusive excursion path of the two radi-
als [10–12]. In the absence of a MF, hyperfine interaction (HFI)

f the electron with the nucleus can cause the RP singlet state
0 to evolve into each of the three triplet states (T0, T+, T−) and
ice versa. The low MF lifts the degeneracy above the level of
he HFI, suppresses the reversible interconversion of S0 into two

mailto:samita.basu@saha.ac.in
dx.doi.org/10.1016/j.jphotochem.2006.07.021
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f the triplets (T±) and thus effects the steady-state distribution
f singlet and triplet RPs [10–12]. The overall effect of applica-
ion of an external MF is an increase in triplet yield if the RPs
re formed initially in the triplet state, and decrease in triplet
ield or rather an increase in singlet yield if the initial formation
s in the singlet state.

In this work our main emphasis has been laid upon the com-
arison of the different behavior of MQ with aromatic and
liphatic amine bases in polar homogeneous organic media on
ne hand and heterogeneous micellar media on the other. By
sing simple laser flash photolysis technique and an associated
agnetic field, we have revealed qualitatively the switchover of

eaction pattern on mere introduction of an extra phenyl ring on
he acceptor MQ that produces its higher homologue AQ while
eeping the bases similar and vice versa.

. Experimental

.1. Materials

MQ and SDS were purchased from Sigma. DMA and
EA were obtained from Sisco Research Laboratories and
erck, respectively, and both were used after proper distillation.
MDPM was purchased from Aldrich and was recrystallized

rom ethanol. UV spectroscopy grade MeCN was obtained from
pectrochem and used without further purification. Water was

riply distilled. Chemical structures of the acceptors and donors
sed in this work are shown in Scheme 1.

.2. Spectral methods
Transient absorption spectra were measured using nanosec-
nd laser flash photolysis set-up (Applied Photophysics) con-
aining an Nd:YAG laser (DCR-11, Spectra Physics). The sam-

Scheme 1.
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le was excited by 355 nm laser light. The details of this set-up
ave been published earlier [9]. The strength of the magnetic
eld used was 0.08 T.

. Results and discussion

.1. Laser flash photolysis: acetonitrile medium

The transient absorption spectrum from photolysis of 0.2 mM
eoxygenated MQ solution in MeCN alone at 1.0 �s time delay
fter laser pulse is shown in Fig. 1. There is a strong absorption
aximum at 370 nm with lifetime of 0.8 �s. The 370 nm peak

an be assigned to the absorption due to 3MQ [6,8]. Moreover,
small hump around 490 nm is observed (Fig. 1) with simi-

ar lifetime of 0.8 �s, therefore both the peaks around 370 and
90 nm is assigned to 3MQ [5]. Inset of Fig. 1 depicts the tran-
ient absorption spectra of MQ (0.2 mM) in isopropanol. The
eak due to 3MQ absorption, 370 nm, remains unaltered but an
dditional hump around 420 nm can be discerned. This hump
s assigned to MQH• [8], which is generated on H abstraction
rom isopropanol containing labile H atom [13].

On addition of 0.5 mM TEA, DMA and DMDPM to MQ, we
ave a slightly different observation in comparison to what hap-
ened previously with AQ [9]. There is no usual quenching of
he 3MQ peak at 370 nm, instead there was an abnormal increase
n absorption throughout the wavelength region 340–600 nm as
hown in Fig. 2. Nevertheless, peaks corresponding to the radical
ations of all the bases, TEA•+, DMA•+ and DMDPM•+ could
e still discerned at 380, 460 and 480 nm, respectively [9,14]. In
hese cases, another peak around 390–400 nm also appeared.
here have been reports that MQ•− absorbs around 390 nm

3–6]. So this peak was confirmed to be due to absorption by
Q•−. In presence of TEA, an additional hump around 480 nm
ppears. An investigation of lifetime at both the peaks, 400 and
80 nm, gives nearly equal results, 0.6 �s, which proves that
oth the peaks are probably due to the formation of similar type
f species, MQ•− which also tallies with the literature [6]. Both

ig. 1. Transient absorption spectra of MQ (0.2 mM) solution in MeCN at 1.0 �s
ime delay after laser pulse with excitation wavelength 355 nm. Inset: transient
bsorption spectra of MQ (0.2 mM) solution in isopropanol after 1.0 �s of laser
ulse.
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Fig. 2. Transient absorption spectra of (1) MQ (0.2 mM) (�), (2) MQ
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Fig. 3. Transient absorption spectra of (1) MQ (0.2 mM) (�), (2) MQ
(0.2 mM)–TEA (0.5 mM) (�), (3) MQ (0.2 mM)–DMA (0.5 mM) (�) and (4)
M
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MQH2 (which is formed by abstraction of two H atom by MQ)
and secondly MQH•. The species MQH− or MQH2 does not
show MFE since geminate characteristics and spin-correlation
0.2 mM)–TEA (0.5 mM) (©), (3) MQ (0.2 mM)–DMA (0.5 mM) (�) and (4)
Q (0.2 mM)–DMDPM (0.5 mM) (�), at a delay of 1.0 �s in MeCN.

MA•+ and DMDPM•+ absorbs around this 480 nm region, so
n their presence the second peak of MQ•−, near 480 nm, could
ot be distinguished clearly. In case of solution containing MQ
nd TEA, presence of two peaks, the 390–400 nm one due to
Q•− and 380 nm due to TEA•+, produces a strong absorption

and around 380–400 nm region. Experiments had also been
erformed using different concentrations of bases. But in each
ase even low concentration of bases produced results similar
o that in Fig. 2. The lifetimes of the RIPs have been calcu-
ated using different base concentrations. The values are given
n Table 1. The huge increase in absorbance on addition of even
ery low concentration of bases may be due to the rapid forma-
ion of MQ•− with higher absorptivity [6]. Hence an occurrence
f ET between MQ and all the three amine bases in MeCN is
onfirmed.

.2. Laser flash photolysis: SDS medium

Fig. 3 depicts the transient absorption spectra of MQ
0.2 mM) in absence and presence of all the bases (0.5 mM) in
icellar medium. The spectra in presence of DMA and DMDPM

re entirely different from those in MeCN medium. However
here exists some similarity between the spectra with TEA in

oth the media. Inset of Fig. 3 depicts the transient absorption
pectrum of MQ in SDS. A peak around 375 nm and a hump
round 420 nm are observed. Application of an external MF
eads to an increase in absorption at these wavelengths. This

able 1
ifetimes of different radical ions at different concentrations of bases

oncentration
f bases (mM)

Lifetimes of radical ions (�s)

MQ•− DMDPM•+ DMA•+ TEA•+

.05 1.11 (±0.01) 1.14 (±0.04) 1.09 (±0.04) 2.14 (±0.05)

.1 1.62 (±0.02) 1.43 (±0.02) 1.32 (±0.04) 2.27 (±0.02)

.5 2.08 (±0.03) 1.76 (±0.03) 1.46 (±0.05) 2.69 (±0.04)

F
p
(
i
S

Q (0.2 mM)–DMDPM (0.5 mM) (�), at a delay of 1.0 �s in SDS micelles.
nset: transient absorption spectra of MQ (0.2 mM) in (1) absence (�) and (2)
resence of magnetic field (�) after 1.0 �s of laser pulse in SDS micelles.

oints towards the formation of radicals at these wavelengths
8,9]. Reports indicate the peaks to be due to MQH• [4,8]. In
DS medium, MQ gets trapped into the hydrophobic part and on

aser irradiation, abstracts H atom from the C–H bond of SDS
9,15] resulting in the formation of MQH•.

Fig. 4 exhibits peaks on addition of DMA and DMDPM to
Q in SDS. Apparently there is no difference between the two

pectra. On addition of DMA and DMDPM both, a peak around
85 nm is observed while on application of field, increase around
75 nm is most prominent. This can be explained by presence of
wo species which are generated upon addition of bases, firstly

QH− (which is formed on H atom abstraction by MQ•−) or
ig. 4. Transient absorption spectra of MQ (0.2 mM) (1) in absence (�) and (2)
resence of magnetic field (�), MQ (0.2 mM)–DMA (0.5 mM) in (3) absence
♦) and (4) presence of magnetic field (+), MQ (0.2 mM)–DMDPM (0.5 mM)
n (5) absence (�) and (6) presence of magnetic field (�), at a delay of 1.0 �s in
DS micelles.
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ig. 5. Transient absorption spectra of MQ (0.2 mM) in (1) absence (�) and (2)
resence of magnetic field (�), MQ (0.2 mM) and TEA (0.5 mM) in (3) absence
�) and (4) presence of magnetic field (�), at a delay of 1.0 �s in SDS micelles.

re lost in the initial RP, whereas MQH• initially formed as
partner of geminate RP (MQH••SDS/DMA/DMDPM) shows
istinct MFE [8,9]. MQH- is reported to absorb around 380 nm in
queous media [4,6]. These results indicate that H atom abstrac-
ion becomes the dominant pathway in SDS medium as MQ,
MA and DMDPM gets trapped in the hydrophobic portion

nd thus MQH• (λmax = 375 nm) is the predominating species.
n increased peak height on addition of bases bears testimony to

he fact. The peaks corresponding to the radical cations are not
ery clear especially in case of DMA. So it is confirmed that ET
ets a backseat in comparison to H abstraction in micelles. Still
n case of DMDPM a small hump around 480 nm correspond-
ng to MQ•− and DMDPM•+ can be discerned (Fig. 3), so the
ossibility of ET cannot be totally ignored in case of aromatic
mines. Actually ET is a distance-dependent phenomenon [16]
nd so it cannot be ruled out entirely as some DMA, DMDPM
olecules will always remain at an appropriate distance from
Q in micelles to induce some ET.
Fig. 5 depicts the field effect on MQ upon addition of TEA.

Q alone exhibits a peak around 375 nm and a hump around
20 nm, which shows a good increase on MF application. Upon
ddition of TEA, there is a distinct shift in absorption maxima
owards 380 nm and a complete absence of 420 nm peak pres-
nce of both together being a sure signature of MQH•. Now we
now TEA•+ absorbs around 380 nm so the broad peak can be
afely accounted for the presence of both MQ•− and TEA•+,
nd not MQH•, hence ruling out every possibility of H abstrac-
ion from TEA to MQ in SDS. Still a slight possibility of H
tom transfer from C–H bond of SDS to MQ remains in pres-
nce of TEA, but a dominant ET and corresponding increased
eak heights of RIPs have perhaps eclipsed the 420 nm hump of
QH•. TEA being an aliphatic amine is appreciably soluble in
ater, which restricts it in the aqueous part of micellar media,

hus always an appropriate distance from MQ is maintained suit-
ble for ET. Actually H atom transfer requires a prior H bonding

etween the donor and acceptor [8]. And so this distance totally
estricts a possibility of H bonding and hence H atom transfer
o MQ. Thus ET remains the only reaction pathway for TEA in

eCN and SDS both.
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The reaction scheme for the interpretation of the results in
DS is given below:

Q → 1MQ∗→ 3MQ∗ (1)

MQ + RH (SDS) → 3(MQH••R) (2)

(MQH••R)
HFI←→
MF

1(MQH••R) (3)

(MQH••R) → MQH• + R• (escape product) (4)

(MQH••R) → MQH-R (cage product) (5)

MQH• + RH → 3MQH2 (6)

MQ∗ +DMA → 3(MQ•− DMA•+) (7)

(MQ•−DMA•+)
HFI←→
MF

1(MQ•−DMA•+) (8)

(MQ•− DMA•+) → 3MQ•− + 3DMA•+ (escape product)

(9)

MQ∗ +DMDPM → 3(MQ•− DMDPM•+) (10)

(MQ•−DMA•+)
HFI←→
MF

1(MQ•−DMDPM•+) (11)

3(MQ•− DMDPM•+)

→ 3MQ•− + 3DMDPM•+ (escape product) (12)

MQ∗ +TEA → 3(MQ•− TEA•+) (13)

(MQ•−TEA•+)
HFI←→
MF

1(MQ•−TEA•+) (14)

(MQ•− TEA•+) → 3MQ•− + 3TEA•+ (escape product)

(15)

ollowing steps of reactions are for hydrogen abstraction in case
f DMA and DMDPM with MQ:

MQ∗ +DMA → 3(MQH•• DMA) (H abstraction) (16)

(MQH••DMA)
HFI←→
MF

1(MQH••DMA) (17)

MQ∗ +DMDPM → 3(MQH•• DMDPM) (H abstraction)

(18)

(MQH••DMDPM)
HFI←→
MF

1(MQH••DMDPM) (19)

Now a question arises as to why DMA, DMDPM fails to
ransfer their H to MQ in MeCN? In micelles close proxim-

ty of MQ and aromatic amines are established on account of
heir entrapment in hydrophobic region, which supports H bond-
ng and a consequent H atom transfer from methyl moiety of
MA, DMDPM to MQ [17]. Whereas in organic homogeneous
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edium, such closeness is not favored due to random distribu-
ion of molecules hence possibility of H bonding is upset and
T is prevalent.

In our previous work, we observed AQ exhibited a domi-
ance of ET with DMA and DMDPM in MeCN and SDS both
9]. The reverse behavior in comparison to MQ is attributed to
he failure of H bonding between H of amines with oxygen of
uinone in AQ due to the intervening bulky phenyl ring. A small
ethyl group in MQ does not provide any barrier to H bonding

etween amines and quinone, while a larger phenyl moiety in AQ
an, thus upsetting slightest possibility of H atom transfer from
mines to AQ in SDS regardless of their close location. Hence
Q will always prefer a dominant ET while MQ will exhibit
fluctuating behavior depending on structure of donors and
edium. Hence we observe a dominance of ET with TEA and H

bstraction with DMA, DMDPM in micellar media using MQ.

. Conclusion

This work illustrates the differential behavior of aromatic
nd aliphatic amines with MQ in MeCN and SDS micelles. In
eCN, all the donor amines undergo ET with MQ. In contrast,

n SDS medium, DMA and DMDPM remain closely sequestered
n the hydrophobic region along with MQ on account of their
ulky phenyl moiety, thus promoting H abstraction as the dom-
nant pathway of reaction. While small TEA molecules remains
onfined in the aqueous part, at a suitable longer distance from
Q, supporting only ET as the dominant mechanism. Hence a

witchover from ET to H abstraction is possible in hydrophobic
icellar medium by a mere introduction of bulky phenyl rings
ithin amine bases. Increase in steric congestion within bases

ill always thus lead to H abstraction. Again a suitable expla-
ation for the different behavior of AQ with similar bases has
een provided. An extra phenyl ring in AQ being responsible
or inhibiting H abstraction, always maintaining a dominant ET

[

[
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hemistry with simple amine bases in MeCN and SDS. Thus
n introduction of steric crowding on reacting molecules can
hange their reaction pattern.
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