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Summary

We investigated the relaxation of electronically excited nitro aromatic
compounds, in particular 3,5-dinitroanisole (3,5-DINA}, by means of pico-
second and nanosecond laser kinetic spectroscopy. Complete neglect of dif-
ferential overlap/spectroscopic—configuration interaction calculations were
performed to characterize their excited states. The gas phase UV spectrum of
3,6-DINA and the electron spin resonance spectrum of the anion serve the
same purpose. It is shown by means of IR spectroscopy that 3,5-DINA in its
ground state does not form hydrogen bonds. The envelope of the first
absorption band of 3,5-DINA in liquid solutions covers a weak n7™ and a
strong w7* transition. In non-hydrogen-bonding solvents, excitation in this
band populates a primary excited state S; which decays within 10 ps to Sq
and to T,. The state Ty (in CH3;CN) is converted within 780 ps to S,. In
hydrogen bonding solvents the decay is quite different. The conversion
Ty > Sy and probably S; = S, is much slower, while the intersystem crossing
S; = T, remains very fast. We conclude that in aprotic solvents both S; and
T, are nn* states in which the excitation is localized on the NO, groups,
which are consequently distorted to a large extent relative to the ground
state. The distortion is thought to cause strong phonon coupling in the radia-
tionless transitions S; > Sy and Ty > Sy. Local vibrations in the NO,; group,
which modulate the overlap of lone pair orbitals on adjacent oxygen atoms,
are efficient promoting modes in the radiationless decay and they make the
rate constant much larger than in other cases involving local excitation of
small chromophores, e.g. ketones. The primary state populated by excitation
with our pulsed lasers is a w#n™ charge transfer state. When 3,5-DINA is
brought into this state in hydrogen bonding solvents, it forms a (single)
hydrogen bond before any other type of relaxation. Thus S; and T, are both
hydrogen-bonded delocalized wn™ states. The known efficient bimolecular
photo-induced reactions of 3,5-DINA involve the formation of the hydrogen
bond as the first step. A reinterpretation is given of the variation in the
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triplet lifetime of 3,5-DINA over three orders of magnitude with solvent
composition. The thermal dissociation of the hydrogen bond to the NO,
group is the rate-determining step in the decay of 3,5-DINA in hydrogen
bonding solvents. Both the activation energy and the activation entropy of
this reaction depend on the solvent structure.

1. Introduction

Surprising modifications in chemical and spectroscopic behaviour of
aromatic molecules arising from the introduction of NO, groups as substit-
uents have challenged many chemists to find an explanation for the influ-
ence of these substituents on the molecular properties. In their search they
have focused attention mainly on relations between the molecular elec-
tronic structure of the isolated molecule on the one hand and reactions on
the other hand [1 - 4].

The origin of the investigations reported here was a dilemma in the
understanding of photo-induced bimolecular reactions of nitro aromatic
compounds in solution. Although many of the nitro aromatic compounds
exhibit absolutely no fluorescence or phosphorescence after electronic
excitation, not even in glassy matrices, the excited species may be trans-
formed efficiently in a bimolecular chemical reaction. Absence of emissions
suggests that very fast electronic relaxation deactivates the excited states
[5]. These two aspects are particularly clear in the photo-induced reaction of
3,5-dinitroanisole (3,5-DINA) with OH™ where the quantum yield of the
product 3,5-dinitrophenolate may be as high as 0.27 when the concentration
of OH™ is only 8.0 X10™* M [6]. From this it follows that the reacting state
should have a lifetime of the order of 107% s. In this case we have established
that the reacting state is a #7** triplet state which has a lifetime of several
microseconds in aqueous solution at room temperature. Such a relatively
long-lived triplet state is expected to phosphoresce at low temperatures but
no emission is observed.

The photohydrolysis of 3,5-DINA is a representative example of a large
number of interesting photo-induced reactions of nitro aromatics which have
been reported [7]. The majority of these involve a nucleophilic substitution
of an ether or an ester group. In interpreting the results attempts have been
made to correlate the product yields to an enhancement in the reactivity of
ring carbon atoms in the meta position relative to the NO, groups. However,
it should be realized that such correlations can only be meaningful if there
are no intermediate chemical transformations before the attack by the
nucleophile. For the reaction of 3,5-DINA with OH™ reaction intermediates
have been discovered recently with the aid of time-resolved spectroscopic
techniques [6]. In the course of this reaction a rather complex sequence of
parallel reactions was observed in some of which the solvent proved to be
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involved, directly as a reagent or indirectly by influencing branching ratios of
parallel reactions.

The aim of the present work is to shed light on the relaxation processes
that take place after electronic excitation of nitroanisoles, before photo-
substitution of the OCHj; group. The processes have been studied in several
solvents to trace solvent effects on the relaxation processes. In Section 3 we
present a study on a picosecond time scale of the kinetics involved in the
population and decay of excited states of 3,5-DINA, 3-nitroanisole (3-NA),
4-tert-butyl-3,5-dinitroanisole (B-DINA) and the perdeutero isomer of 3,5-
DINA, initiated by excitation with a laser pulse of about 10 ps duration. The
results offer insight into the very fast decay of the primary excited states S;
of the nitroanisoles and how this is affected by hydrogen bonding and
solvent polarity. From the experiments we are able to derive rate constants
for the S; > Ty, S; > Sy and T, > S, processes. In particular we have tried to
elucidate the mechanism of the decay by studying the effects of deuteration,
steric hindrance and solvent polarity on the kinetics of the decay processes.
Also the effects of low temperatures and solid matrices are investigated. By
analysing the kinetics of triplet state formation in solvent mixtures of H,O
and CH;CN with various H,O concentrations an insight could be obtained
into the hydrogen bonding reaction between the excited 3,5-DINA mol-
ecules and H,O molecules.

Predissociation of the C—NO, bond has previously been held respon-
sible for the absence of any fluorescence from excited nitro aromatic com-
pounds which have their first excited singlet state more than 20 000 ¢cm™!
above the ground state [8 - 10]. For 3,5-DINA predissociation as a major
decay channel seems to be ruled out because of the absence of photodis-
sociation products and because triplet state reactions give high yields of
substitution products with the C—NO, bond preserved [7]. This leads to the
conclusion that the very fast S; - S, and T, S, decay processes are nearly
pure intramolecular processes. Some ideas about the mechanism underlying
the fast decay are given in Section 3.

The interpretation of the observed kinetics rests on a knowledge of the
electronic energy level scheme shown in Fig. 1 and of some properties of the
excited states of the nitroanisoles. The energy level scheme is derived from
UV spectra, photoelectron spectra and complete neglect of differential
overlap/spectroscopic—configuration interaction (CNDO/S-CI) calculations
presented in Section 4.1. It shows that the nitroanisoles have closely spaced
nw,* and @w,* states, in both the singlet and the triplet manifold. These
nm,* and wm,* states are thought to have widely differing properties with
respect to hydrogen bonding and radiationless decay. It will be shown that
both S; and T, of the nitroanisoles in non-polar solutions have a very effi-
cient radiationless decay channel to the ground state and that this fast decay
can be associated with the nm,* states. The rate of this decay is reduced
appreciably when the excited molecule forms a hydrogen bond with an H,0O
or alcohol molecule. Owing to hydrogen bonding the 37w ,* state becomes the
lowest triplet state in 3,5-DINA and this state has a much lower rate of
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Fig. 1. Energy level scheme of 3,5-DINA to be used in the explanation of the observed
relaxation kinetics. #;* is the lowest unoccupied 7 orbital relative to the occupation in
So. Solutions in non-hydrogen-bonding and in hydrogen bonding solvents are given in (a)
and (b) respectively. '

decay than the °nw,* state. The hydrogen bonding reaction takes place be-
tween the ww;* charge transfer state and an H,O or alcohol molecule. This
reaction can be described as a first-order reaction in the concentration of
H,O0.

Details of the nature of the hydrogen bond(s) formed in the excited
state could be derived from an electron spin resonance (ESR) study of the
negative ion of 3,5-DINA in aqueous solution, which reveals that only a
single NO, group in the anion forms a strong hydrogen bond. This is dis-
cussed in Section 4.2. As a consequence of the hydrogen bond the extra
electron in the anion becomes almost localized on that particular NO, group.
Since the @ * charge transfer state is very similar to the ground state of the
anion, we expect that also in the excited state only one NO, group may form
a hydrogen bond, which will lead to a localization of negative charge on that
NO, group. CNDO/S—-CI calculations show that the m,* lowest unoccupied
molecular orbital is highly localized on the NO, groups. A calculation on the
supermolecule 3,5-DINA-H,0 indeed confirms the charge localization in the
7m,* excited state on one of the two NO, groups due to hydrogen bonding.

In an early stage of the investigation an optical absorption of 3,5-DINA
in its lowest triplet state Ty was found [11]. The observed lifetime 7 of the
triplet state showed a variation of more than three orders of magnitude as a
function of solvent composition and temperature. At the time it was thought
that rapid intersystem crossing to the ground state was predominantly deter-
mined by a strong dependence of the electronic wavefunctions on the tor-
sional motions of the NO, group, which could modulate the delocalization
of the w electrons over the phenyl ring and NO, groups. The remarkable
variation in decay rate constant of T, with the concentration of H,O in
mixed aqueous solvents was thought to arise from variations in the size and
structure of the H,O clusters hydrogen bonded to the NO, groups, thus
inhibiting the torsional motion of the NO, groups. A reinterpretation of this
phenomenon is given in Section 4.3 on the basis of an investigation of the
temperature dependence of the triplet decay.
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2. Experimental details

The spectrometer used in our picosecond time-resolved spectroscopic
investigations is shown in Fig. 2. An amplified single pulse selected from the
train of pulses emerging from a mode-locked Nd3* glass laser is sent along
two beam directions. In one beam either the third or the fourth harmonic of
the fundamental laser frequency is generated and then used to provide the
primary excitation of the sample. In the other beam a spectral continuum is
generated after a variable delay. After rejection of the fundamental frequen-
cy component, the bandwidth of the continuum is limited by an interference
filter to 10 nm full width at half-maximum (FWHM). A beam splitter divides
the continuum into a reference and a probing beam. The time delay between
arrival of the excitation and the probing pulse at the sample is adjustable in
the interval O ns < At < 2 ns with a precision of 0.06 ps. The probe,
reference and excitation pulses are monitored by vacuum photodiodes which
transmit their output signals to a 500 MHz transient digitizer. The digitized
signals are stored in a computer memory and are used to calculate the
pseudo-optical density R(At) according to eqn. (8).

The peak of the excitation pulse arrives at the sample at time ¢t = 0 and
the pulse intensity I..(t) is given by

Aoy t?
Iox(t) = s2n i’ exXp\ T 53 (1)

The intensity I,(®)(t) of the unattenuated probe pulse, delayed by an amount
At with respect to the excitation pulse, is given by
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Fig. 2. Spectrometer for double-beam picosecond kinetie spectroscopy using an amplified
single pulse from a mode-locked Nd3* glass laser oscillator: cc, continuum cell; F, filter;
p, polarizer; pd, photodiode; s, sample; vd, variable delay.
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In eqns. (1) and (2) the width of the pulse is represented by 20 and the
area under the pulse envelope is denoted by A., and A, respectively. The
intensity of the transmitted pulse follows from the Lambert—Beer law:

I(t) = I,'(t) X 1072® (3)

Here D(t) is the transient optical density of the sample at time £. One photo-
diode determines the time infegrals U, and U, of the transmitted and un-
attenuated probe pulse:

A, = (t — Af)?

U, = f I,9(t) dt (5)

Another photodiode determines the time integral V of the excitation pulse:

+ oo
V= [ IL.(t)adt (6)
The ratios
r= U2/U1 (73)
and
r'=0,"/U, (7b)

are determined. The prime refers to the circumstance in which the primary

excitation beam does not enter the sample cell. The transient pseudo-optical

density, normalized with respect to the primary excitation energy, is defined

by

R(A¢) = 19€10E 1) )
v

If the sample is transparent before the primary excitation, R(At) is equal to

the quantity R,(Atf) given by

R(AL) _log;o(U2/Uy) (9)

\ %4

which is used in simulations of the time dependence of R(At).

The width of the laser pulse, ie. 20, may be determined from the
profile of R(At) for a transient absorption which follows the preparation
pulse instantaneously and which does not decay in the period of preparation.
S,—S, absorptions of l-methylphenanthrene in cyclohexane meet these
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requirements. For these transient absorptions the matching of R (At), by
variation of g, to R(At) yields a value for 20 of 7 £ 1 ps.

A modification in the experiments described above allows broad
spectral band detection as a function of At. Then the continuum reference
and probe beams are imaged spatially separated in the focal plane of a small
flat field spectrograph and their spectral contents are recorded simultaneous-
ly with an optical multichannel analyser. The transient absorption spectrum
is calculated from the spectra recorded with and without a photolysing
pulse.

Figure 3 shows an outline of the spectrometer used for time-resolved
absorption spectroscopy with nanosecond resolution. A pulsed Nd3* glass
laser system provides a primary excitation pulse with a width of 15 ns
FWHM and a wavelength of either 353 or 265 nm. A beam splitter in front
of the sample cell reflects about 8% of the photolysing laser pulse onto a
vacuum photodiode to monitor the variation in pulse energy from shot to
shot. The output of the photodiode is integrated in a gated integrator and
stored digitally. The excited volume of the sample within the first 3 mm
behind the entrance window for the laser pulse is traversed perpendicular to
the laser beam by a relatively weak probing beam, derived from a pulsed
450 W xenon lamp burning at a low d.c. level. The lamp provides a flash with
a maximum intensity which remains constant within 2% for a period of
10 us as shown in Figs. 3(b) - 3(d) [12, 13]. The photomultiplier used to

(b) (c) (d)

Fig. 3. (a) Spectrometer for nanosecond kinetic spectroscopy using the third or fourth
optical harmonic frequency of a Q-switched Nd3* glass laser (PL, pulsed laser; BS, beam
splitter; D, diaphragm; L, lens; M, monochromator; XL, pulsed xenon lamp; S, sample
cell; PM, photomultiplier; B, pulse height measurement; A, differential amplifier; TD,
transient digitizer; CP, computer PDP 11/10; PD, photodiode; I, integrator); (b) pulse
from the xenon lamp at time t; when the laser is triggered ; (c) detection light pulse with
induced absorption;(d) output from differential amplifier, i.e. the absorption signal.
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detect the probing light transmitted through the sample is either an RCA
type IP28 or 4840. Only the first five dynodes are used for electron
multiplication and the sixth dynode is used as a quasi-anode. All other
dynodes are connected directly to the anode which is maintained at +400 V
relative to the sixth dynode by means of a separate power supply, thus
avoiding space charge accumulation around the quasi-anode. The photo-
cathode is kept at —1100 V relative to ground and the resistors of the
dynode chain are each bypassed by sufficiently large charge storage capac-
itors, with 0.5 uF < C < 20 uF, to ensure a linear response at output photo-
current pulses of up to 20 mA. In addition each dynode resistor is also by-
passed by a small capacitor of about 3 nF to ensure a high frequency
response of the photomultiplier. One of two different ways is followed in
handling the output signal from the photomultiplier.

(1) The signal is passed through a high pass filter, essentially a high
frequency 1:1 transformer with a 50 £2 coaxially shielded cable wound on a
ferrite ring core [13], to a 500 MHz bandwidth input amplifier (Tektronix
type 7TA19) of a transient digitizer with a real-time bandwidth of 500 MHz
(Tektronix type R7912). The transmittance of the high pass filter has a flat
frequency response between 100 MHz and 50 kHz with a sag of less than 5%
between these limits. The primary winding of the filter is terminated via a
1 2 resistor to ground. A fraction of the input signal across the 1 £ resistor
is displayed on a storage oscilloscope, allowing a direct determination of I,
as shown in Fig. 3. Only the transient modulation is then displayed un-

distorted up to At = 1 us. Beyond 1 us the following method has to be
used.

(2) The photomultiplier output is terminated into a 50 §2 resistor and
the voltage across this resistor serves as one of the inputs of a differential
input amplifier of the digitizer (Tektronix type 7A13) (Fig. 3, A). The input
impedance of the amplifier is 1 M{2. A 10 M2 amplifier is also connected
parallel to the 50 {2 termination of the photomultiplier and its output
voltage enters a sample-and-hold circuit which measures the height of the
probing pulse just before the laser excitation. The output of the sample-and-
hold circuit is used as the second input to the differential amplifier and is
also stored digitally as I, (Fig. 3, B). The difference between the two input
signals, which is exactly equal to the transient modulation of the probing
pulse, is then displayed on the digitizer. This is shown schematically in
Fig. 3.

If I, denotes the intensity of the probing beam emerging from the
sample it follows readily that I, = I, — I,,,. The transient optical density

D, (A, t) of the sample at the probing wavelength A is therefore calculated
according to

IO()\) —Iabs(ka t)
D, (A, t) = —log, (10)
Io(N)
When non-linear absorptions of the excitation pulse by the sample are
absent, the concentration of primary excited species depends linearly on the
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excitation pulse energy E... In all experiments the laser pulse energy has
been kept sufficiently low to guarantee absence of non-linear absorptions.
To be able to compare the transient optical densities at different wavelengths
even when E,, fluctuates from shot to shot, we have normalized D,(A, t)
with respect to E,,:

D(\, t) = M_t_) (11)

Eex

From the determination of D(}), t) at a number of discrete wavelengths, the
profile of the transient absorption spectrum at time ¢ follows. All the
transient absorptions encountered in the present investigation decay single
exponentially. The experimentally determined function D(A, t) is fitted
numerically to a function of the form

f(t) = A exp(—kt) + B (12)

The numerical procedure is designed for fitting experimental curves with
superimposed noise [14]. Both D(A, t) and f(¢) can simultaneously be dis-
played graphically on the computer terminal, allowing a visual judgment of
the matching.

Sample solutions have been prepared in spectrograde organic solvents or
H,0. H,0, containing KMnQO,, was refluxed and then distilled twice before
use. When necessary, oxygen was removed from the solutions by flushing
them with argon for about 20 min. This was found to be as effective in our
work as repeated freeze—thaw cycles in vacuum.

Kinetic spectroscopic measurements as a function of temperature, in
the range 300 K < T < 373 K, were carried out by placing the sample cell in
a specially designed thermostat with optical windows transmitting the laser
and probing beams. The selected temperature was constant within a width of
0.1 K. For temperatures below 300 K a stainless steel cell situated in an
optical cryostat has been used, which allows the probing and excitation
beams to be perpendicular.

B-DINA has been prepared from tert-butylbenzene. In a first step tert-
butylbenzene was nitrated to 1-tert-butyl-2,4-dinitrobenzene {15]. The com-
pound 1-tert-butyl-2,4-dinitrobenzene was subsequently nitrated to 1-tert-
butyl-2,4,6-trinitrobenzene {16]. Finally B-DINA was prepared from 1-tert-
butyl-2,4,6-trinitrobenzene by analogy with the preparation of 3,5-DINA
[17]. The product was purified chromatographically on SiO, (50:50
dichloromethane:pentane) and melts between 118.0 and 118.5 °C. Because
of the potential danger of explosion the synthesis of the trinitro compound
was carried out on a 2 g scale.

Perdeutero-3,5-DINA was obtained through reaction, in CD,OD at
60 °C, of NaOCD; with 1,3,5-trinitro-2,4,6-trideuterobenzene [17]. The
latter compound was prepared by reaction of 1,3,5-trinitrobenzene with
NaOD and D,O in dimethylformamide (DMF) at 100 °C [18]. It could be
isolated in crystalline form after the reaction mixture was neutralized in a
mixture of ice and sulphuric acid. This procedure was repeated twice, using
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the isolated and purified deuterated trinitrobenzene from the previous step
as the starting material.

The triplet quantum yields ¢4 of 3,5-DINA and of B-DINA were deter-
mined by means of the sensitized E-Z isomerization of E-1,2-diphenyl-
propene (EDP) [19], after excitation with 366 nm light which is absorbed
by the nitro compounds alone. The quantum yield ¢; for the isomerization
of an EDP molecule in its state T to Z-1,2-diphenylpropene (ZDP) is known
to be 0.55 [19]. The overall quantum yield ¢, of the sensitized isomeriza-
tion is given by
bz o
where k is the rate constant for decay of the unperturbed triplet state of the
nitro compound and kg is the rate constant for energy transfer between the
nitro compound in its triplet state and EDP. The values of ¢ and k/k, are
obtained from a plot of ¢;/¢, against 1/Cgpp. During the irradiation of B-
DINA a photoproduct is formed which absorbs at the excitation wavelength.
We have corrected for this absorption in the following way. Both the amount
of ZDP and of B-DINA are determined by gas-liquid chromatography
analyses as a function of irradiation time. From the amount of B-DINA that
disappeared we calculated the actual amount of excitation light absorbed by
B-DINA. With this procedure we obtained ¢y = 0.48 and k/ky = 0.13 mol 17!
for B-DINA. For 3,5-DINA we obtained ¢ = 0.45 and k/ky = 0.53 X103
mol 17*. It may be noted here that the rate of disappearance of B-DINA does
not depend on Cgpp. This means that the photoproduct is formed directly
from the S, state of B-DINA. The quantum yield ¢pp of the photoproduct is
estimated to be about 0.01.

3. Results and discussion: picosecond relaxation and reaction of excited
nitroanisoles

3.1. Relaxation of 3,5-dinitroanisole in non-hydrogen-bonding solvents

In a previous paper [11] a broad (4700 cm™ !) transient absorption
band around 435 nm has been reported for 3,5-DINA and 3-NA in aqueous
solutions on excitation by a 353 nm pulse. The band has been identified as
an absorption from the thermally equilibrated hydrogen-bonded lowest
triplet state. At that time we had no evidence that 3,5-DINA also forms a
triplet state on excitation in non-hydrogen-bonding solvents. The excitation
and probe technique with picosecond light pulses has enabled us to deter-
mine a transient absorption band around 450 nm in solutions of 3,5-DINA in
several non-hydrogen-bonding solvents, which as we shall see has to be
attributed to a T, < T, absorption. The weak absorption band detected in a
solution of 3,5-DINA in CH;CN after excitation at 353 nm with a pulse of
7 ps duration is presented in Fig. 4. The decay of this transient absorption
was monitored at 433 nm in the time range between 0 and 1500 ps after
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Fig. 4. Transient absorption band of 3,5-DINA in CH3;CN measured at At ~ 20 ps after
excitation with 353 nm.

Fig. 5. Decay of the transient absorption of 3,5-DINA in CH3CN observed at 433 nm.

initial excitation. The transient optical density D(At) = R(At) decays single
exponentially as a function of Af as shown in Fig. 5. The concentration of
excited species can be described by

Cg(t) = Cy exp(—k,t) (14)

where Cg(t) is the concentration of excited species as a function of time, Cy
the concentration of excited species directly after excitation and %k, their
decay rate constant. The single-exponential decay means that the absorption
arises from a single species, i.e. one type of molecule in a single electronic
state, at least for At > 30 ps. The observed lifetime 7 = 1/k, = 780 ps of the
transient absorption seems incompatible with an absorption from an elec-
tronically excited singlet state, because the fluorescence quantum yield is
less than 10™ 4, From

k. a
Pr P k<10 (15)
it follows that &, < 10° s7! when 7 = 780 ps. In contrast, the radiative rate
constant for the Sy < S, transition can be estimated from the known value of
the molar extinction coefficient of the S, < S, transition. With ¢ = 100, k, is
found to be 10% s 1. Therefore an identification of the transient absorption
as an S, < S, absorption does not seem possible.

If the transient is identified with the triplet state of 3,5-DINA, then the
triplet state lifetime k determined from the energy transfer experiment, men-
tioned in Section 2, should be equal to the lifetime of the transient absorp-
tion. An estimate of k can be obtained if the energy transfer between 3,5-
DINA and EDP is assumed to be diffusion controlled; k¢ can then be taken
to be equal to kg~ 1.9 X 10'° 1 mol™! s, from which a value k of about
2 X 10? s7! results [20]. This is close to the decay rate constant %k, of the
transient absorption of 1.28 X 10° s !. Hence the absorption may be
identified as a T,, < T, absorption of 3,5-DINA.
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The triplet lifetime of 780 + 100 ps is extremely short. Only for nitro-
benzene in isopropanol has a triplet lifetime of the order of magnitude of
1 ns been estimated from quenching experiments [21].

Nitrobenzene is thought to have an na* electron configuration in the
lowest triplet state, which would be expected to lead to photoreduction of
the NO, group [21, 22]. However, the quantum yield ¢,.q of photoreduction
of nitrobenzene in isopropanol is quite low, about 1072, and this has been
explained by very efficient Ty = S, intersystem crossing, and not by a low
reactivity [21]. We may conclude that nitrobenzene and 3,5-DINA are very
similar in this respect.

Weak transient absorptions of 3,5-DINA around 450 nm were not only
observed in CH;CN but also in the less polar solvents CH,Cl,, 2-methyl-
tetrahydrofuran (2-MTHF) and benzene. The lifetimes of these transient
absorptions have not been determined in a picosecond experiment. How-
ever, after excitation with a pulse of 15 ns duration, they are not observed
using a detection system with a time resolution of 5 ns. Therefore the life-
times must be shorter than 5 ns. If the solutions are excited with a 7 ps pulse
the transient absorption rises to a maximum value within about 25 ps. No
significant decay is observed during the next 100 ps. This means that the life-
time is at least 1 ns. Applying the same arguments as used for the solution in
CH;CN, we conclude that the transient absorption arises from T,, < T, tran-
sitions, with a lifetime 7 of T, between 1 and 5 ns. The results are sum-
marized in Table 1.

To obtain more insight into the mechanism of the fast relaxation of
3,5-DINA, similar experiments were carried out with perdeutero-3,5-DINA.
The decay of the T, < T, absorption at 433 nm of electronically excited
d¢-3,5-DINA in CH,CN is shown in Fig. 6, where In{D(At)} is plotted versus
the delay time At. From this plot the lifetime of T of d-3,5-DINA is found
to be 880 + 120 ps. Therefore, we may conclude that deuteration does not
change the lifetime of T, of 3,5-DINA in CH;CN significantly. Apparently
the C—H vibrations are not important as accepting and/or promoting modes
in the radiationless decay of the triplet state of 3,5-DINA. Since the height
of the plateau in D(t) reached at time ¢, (Fig. 7) also does not change with
isotope substitution, it must be concluded that the quantum yield of triplet
formation is not affected. This means that the rate of intersystem crossing
S; & Ty and the rate of internal conversion S, = S, either both change with
the same factor or do not change at all. The latter possibility is the more
acceptable since the decay of T is also independent of isotope substitution.

We have measured the growth of the transient absorption of 3,5-DINA
and the other nitroanisoles in a number of solutions. We shall first examine
how the rate constants of the different relaxation processes can be deter-
mined from these growth curves. The populating kinetics of the triplet state
can be derived from R(At) in the interval —10 ps < At < 100 ps. Simulation
of R(At) requires the specification of a kinetic scheme describing the relaxa-
tion processes of the primary excited singlet state and the triplet state. The
scheme which we use here is depicted in Fig. 8. A single rate constant k, is
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TABLE 1

Rate constants for 3,5-dinitroanisole in non-hydrogen-bonding solvents

Solvent €glEp Rk, k, kq ¢
(x1011 5~1) (x101s71) (x10%s71)

CH3;CN 0.0 1.0 0.80 1.28 0.45
0.2 0.80 0.64 1.28 0.45
0.3 0.60 0.50 1.28 0.45
0.4 n n 1.28 0.45

CH-,Cl, 0.0 3.2 0.8 0.2-1 0.222
0.1 1.6 0.4 0.2-1 0.22
0.2 n n 0.2-1 0.22

2-MTHFP 0.0 0.5 0.4 0.2-1 0.48
0.2 0.4 0.33 0.2-1 0.4
0.3 n n 0.2-1 0.4

Benzene — — — 0.2-1 ~0.28

n, no good fit can be obtained.
2 Estimated from D(t,) relative to CH3CN.
bMeasured at 26 and 70 K {all other experiments were performed at room temperature).
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Fig. 6. Decay of the T, < Ty absorption of d¢-3,5-DINA in CH3CN at 438 nm.

introduced to describe the intersystem crossing process S; —> T,. Similarly
the internal conversion process S; = S, is described by k,. The time depen-
dence of the concentrations Cg(t) and C¢(t) of singlet and triplet excited
states are given by the following differential equations:

dc;ft) = ol (t) — (k; + k,)Cs(t) (16)
fj—%(i) = k,Cs(t) — k,Cr(t) (17)

in which o is a proportionality constant depending on the optical density at
the excitation wavelength of the ground state molecules. The rate constant
k- describes the decay of T,. In almost all cases this decay can be neglected
because it is much slower than the rate of formation of Ty. With Cg(—o°) =
Cy(—<=0) = 0 as boundary conditions, the following solutions of eqns. (16)
and (17) are obtained:
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Fig. 7. Transient absorption of 3,5-DINA in CH3CN at 435 nm after excitation at 353
nm. The curve was calculated with eg/ep = 0,k; =1.0 x101 s 1and ky = 8.0 x1010s71,
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Fig. 8. Kinetic scheme used to simulate growth and decay of transient absorptions in
non-hydrogen-bonding solvents: —, optical transitions; ~~>, non-radiative transitions.

t
Cs(t) = & [Iex(t)) exp{—(k; +k2)(t —t")} dt’ (18)

t
Cr(t) =k, fcs(t’) exp{—k,(t — t')} di’ (19)

When we assume that the measuring light is only absorbed by S; and Ty, the
optical density can be calculated from

D(t) = esCs(t) + exCr () (20)

In egn. (20) €5 and e are considered to be independent of time. A time
dependence due to vibrational relaxation in the excited states can be
envisaged [23, 24]. This effect will be neglected because usually the vibra-
tional relaxation is already completed on the time scale considered here
[25].

A numerical simulation of R(At) is performed by using eqns. (18) - (20)
and eqns. (1) - (9). The variables in the simulation are k,, &, and eg/ex. The
pulse width of 7 * 1 ps and k- have already been determined. A close match
of the calculated curve to the experimental values of R(At) is obtained after
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a stepwise variation in &, k4 and eg/er. In some instances there is no unique
solution for the set of variables and then the choice of the most acceptable
solution has to rely on consistency with other facts. Such an additional
constraint is the triplet quantum yield, which fixes the ratio k, /k,. In Fig. 7
we show the experimental points R(At) and a simulated curve for 3,5-DINA
in CH;CN. The values of R(At) have been determined at 435 nm and 300 K.
The quantuin yield for triplet formation of 3,5-DINA in CH3;CN, i.e. ¢ =
0.45, is used as a constraint. The simulations show that the contributions of
S, < S, absorption is small compared with the contribution of the T,, «< T,
absorption. Table 1 gives the values of the parameters k; and eg/er, which
give a good fit between the calculated curve and the experimental points.
For each value of e€g/er between 0 and 0.3 we find values for k; and k,
which give a good fit to the experimental points. The curve shown in Fig. 7
is obtained with eg/er = 0. It can be seen in Table 1 that via the simulation
limits are obtained between which &,, kB, and e€g/ey may vary. The following
ranges are observed: 0 < eg/er < 0.3; 6 X10'% s ' <k, < 10X 10'%7!; 5%
1005 1< k,< 8X 1095t .

Figure 9 refers to experimental points R(At) and a calculated curve for
a solution of 3,5-DINA in CH,Cl,. Again R(At) has been measured at 435
nm. The stationary value of R(A%), i.e. D(t,) (At > 100 ps), is a measure of
the quantum yield of triplet formation

D(ty) < erdr (21)

If ey is independent of the solvent we may use D(t,) as a measure for ¢g.
It is to be expected that the value of ey will change little due to a solvent-
induced bandshift in going from CH3;CN to CH,Cl, as a solvent because the

1 1
F
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Fig. 9. Transient absorption of 3,5-DINA in CH;Cl; at 436 nm and curve calculated with
€gfer =0,k =3.2x10" s Tand k, = 8.0 x10'%s7 L,
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observed T, < T, absorption band of 3,5-DINA in CH4CN is rather flat and
broad around 435 nm. The value of D(t,,) in CH,Cl; amounts to 50% of that
observed in CH,CN. Therefore the triplet quantum yield in CH,Cl, is esti-
mated to be

$r,cu,e1, = 0.5 X ér cnon ~ 0.22

The rate constants obtained with this value of ¢ are also given in Table 1.

When we compare the rate constants obtained in solutions of 3,5-DINA
on going from CH;CN to CH,Cl, at a fixed ratio of €g/ey it is observed that
k, increases. In fact, for eg/ex = 0, k, increases by a factor of 3.2 whereas &,
remains constant. The higher rate of internal conversion S; = S, leads to a
lower triplet quantum yield. This seems to apply to 3,5-DINA in benzene for
which we again observe a transient absorption with an estimated quantum
yvield lower than in CH;CN. Therefore it might be thought that the increase
in the intermal conversion rate is related to the decrease in polarity of the
solvent in going from CH;CN to CH,Cl, and benzene.

The influence of temperature on the kinetics of triplet state population
has been studied in a glassy solution of 3,5-DINA in 2-MTHF at 70 and
26 K. The growth curves of the transient absorption are shown in Fig. 10.

The curve through the points is obtained with eg/er = 0, B, = 5.0 X
10 57! and k, = 4.0 X10!%s™ 1, The triplet quantum yield is estimated from
D(t,,) to be 0.4, which is used as a constraint in the fitting. Rate constants
determined for different values of €g/er are included in Table 1. From the
measurements it follows that the rate constants k; and k; do not change on
increasing the temperature from 26 to 70 K. Since ¢y, estimated from
D(t,,), also does not change with increase in temperature from 70 K to room
temperature, it might be concluded that k; and &, are temperature indepen-

-.2 T T T T T T

T T T
-60 -40 -20 0 20 40 80 80 100 120
Atlpsec]

Fig. 10. Transient absorption of 3,5-DINA in 2-MTHF at 435 nm measured at 26 K (&)
and 70 K (D). The curves giving the best fit for each temperature coincide.
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dent within the range from 26 to 300 K. This behaviour may be expected if
the exchange of vibrational energy between the solvent and the excited
solute is slower than the electronic relaxation, but it could also be due to
strong phonon coupling in the electronic relaxation as explained in Section
3.7.

3.2. Relaxation of 3,5-dinitroanisole in hydrogen bonding solvents

The observation of a long-lived hydrogen-bonded triplet state of 3,5-
DINA in aqueous solvent systems raises several questions [11]. For instance,
in which of its excited states does 3,5-DINA react with a solvent molecule to
form a hydrogen bond and how does the hydrogen bond affect the radiation-
less decay? To find an answer to such questions we have measured transient
absorption spectra on a picosecond time scale of 3,5-DINA in aqueous
solvent mixtures and in alcohols. Also the growth and decay of the transients
have been monitored. As solvents we chose mixtures of CH4CN and H,O
because of the influence of the composition of this solvent system on the
triplet lifetime, which suggests that also the rates of triplet formation may be
influenced.

In Fig. 11 the long wavelength part of the transient absorption is shown
as it is observed with the optical multichannel analyser at At = 20 ps. This
part of the spectrum is identical with that observed in the same wavelength
region at At = 5 ns. Obviously it does not contain an S, < S, absorption
band. Because ¢, of 3,5-DINA varies from 0.45 in pure CH3CN to 0.9 in
pure H,O [6] it is expected that the maximum optical density D(t,,) after
excitation likewise depends on the solvent composition. The maximum
optical density D(¢,,) at 430 nm for various mixtures of CH;CN and H,0 is
shown in Fig. 12. An increase in D({,) by a factor of 3 is observed in going
from CH;CN to H,;0, while at the same time ¢ changes by a factor of 2. If
all triplet states are hydrogen bonded in aqueous solutions then this means
that the molar extinction coefficient at 430 nm of the hydrogen-bonded
triplet species must be 1.5 times larger than that of the non-hydrogen-bonded
species. We think that this change is too large to be caused by a solvent-
induced band shift, since the absorption band is rather flat around 430 nm.
However, the interchange of 37rw,* and 3nw,* states, which we think occurs in

0.84
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Fig. 11. Transient absorption band of 3,5-DINA in CH3CN-H,O0 directly after excitation
and the T,, < Ty absorption band (— — —) measured after 10 ns.
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Fig. 12. Maximum optical density of 3,5-DINA at 430 nm directly after excitation (At =
30 ps) as a function of H,O concentration in a solution of 3,5-DINA in H,O-CH;CN mix-
tures.

hydrogen bonding solvents, could explain this increase in €1,- The growth
curves R(At) at 433 nm for solutions of 3,5-DINA in three different
CH;CN-H,0 mixtures are given in Fig. 13. In addition to the changes in
D(t,) mentioned above, we observe a remarkable change in the rise time 7,.
The rise time increases with the water content of the mixtures. The greatest
increase occurs in the region 0 < Xy o < 0.4, which is also the interval where
the greatest change in D(t,,) is observed.

There are a number of reasons why the simple kinetic scheme for triplet
formation introduced before cannot be used to simulate the observed
kinetics. We have evidence from IR studies that 3,5-DINA in its electronic
ground state does not even form hydrogen bonds with 2,2,2-trifluoroethanol
(TFE); this and other results have led to the conclusion that 3,5-DINA is
non-hydrogen-bonded in its ground state in agueous solutions. The triplet
state of 3,5-DINA, however, is thought to be hydrogen bonded in aqueous
solutions. Therefore a hydrogen bonding reaction between the excited 3,5-
DINA and a solvent molecule should be incorporated in the relaxation
scheme. We shall now discuss the kinetic scheme we have used to interpret
the R(At) curves and the behaviour of D(¢,,) observed in aqueous solutions
of various compositions. The most general scheme takes into account the ini-
tially excited singlet state S; and triplet state T, of the non-hydrogen-bonded
molecules, as well as the excited singlet 8; y;5 and triplet T, yp states of the
hydrogen-bonded molecules. Species are considered to have distinct extinc-
tion coefficients.

The relaxation processes that may be operative are labelled as follows:
k, for internal conversion, S, = Sg; &, for intersystem crossing, S, = To;
k3 for reaction with H,0, S; — S;, up; ka4 for intersystem crossing, S; yg =
To,up; ks for internal conversion, S; yg = Sg; k, for reaction with H,0,
To = To, us; k7 for intersystem crossing, Ty~ Sg; kg for intersystem crossing,
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Fig. 13. Growth curves of the transient absorpiion of 3,5-DINA at 430 nm in CH3CN-
H,O mixtures with various mole fractions of H,O: curve a, xg,0 = 0; curve b, Xg,0 =
0.13; curve ¢, Xg,0 = 0.80.

To.uB ~> So.ue- The constants &5 and kg refer to overall rates; it is not impor-
tant whether the relaxation processes lead directly to a dissociated complex
or not. The model takes into account that thermally activated dissociation of
the hydrogen bond(s) in S; yg and Ty yp does not occur in the time interval
0 ps < At < 80 ps. This is in accordance with the results presented in Section
4.3.

The model implies the following differential equations:

dCg,
——% = Qo (t) — (ky + kg + 3) Cs (2)
dCg. t
—s"a—';“’(—) = k3Cs,(t) — (kq + k5)Cs, 115(t)
(22)
i%%g—) =k,Cs,(t) — (ke t+ k7)Cyy(2)

_dC'ToI HB(t)
d¢
With the initial conditions C;(—e°) = O, the solutions are

= Rk4Cs; yp(t) + kCqy(t) —kgCry yglt)

t
Csi(t) = erx(t’) exp{—(k, + ky + k3)(t — t')} dt’

t
Cs, up(t) = k3 [Cs(t) exp{—(ka + ks)(t —t")} dt’ 23)
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Cro(t) = k2 fcsi(t') exp{—(ke + k,)(t —t")} dt’

t
Cro yp(t) = [ {RaCs; yglt') + keCry(t")} exp{—kg(t —t")} dt’ (23)

D(t) = ESiCSj(t) + eTOCTo(t) + eSi‘ HBCSi.HB(t) + ETOCTo(t) (24)

To be tractable the above general model needs simplification, despite the
fact that some of the rate constants are already known. We shall now show
how this has been done, and how it results in the kinetic scheme shown in
Fig. 14.

Sq =

Se

Fig. 14. Kinetic scheme for relaxation of electronically excited 3,5-DINA in hydrogen
bonding solvents: — — —, processes too slow to interfere with kinetic behaviour on a
picosecond time scale.

The intramolecular relaxation rate constants k;, k, and &k, of the non-
hydrogen-bonded molecules have already been determined for solutions of
3,5-DINA in CH;CN. They are not expected to depend significantly on the
composition of the CH3;CN—-H,O mixtures, since the major influence would
arise from the change in the dielectric constant of the solvent, and the reac-
tion field due to solvent polarization by the excited state changes very little
in going from CH;CN to H,O. Figure 12 shows that the greatest changes in
D(ty,) relative to CH3CN occur at xy,0 = 0.4 where the dielectric constant
does not vary much. Therefore we assign to k,, k&, and k,, of the non-
hydrogen-bonded 3,5-DINA molecules in the CH;CN-H,O mixtures, the
same values as those obtained in CH;CN.

The non-hydrogen-bonded triplet state Ty of 3,56-DINA probably is an
nr* state. In this state the molecule will have even less tendency to form
hydrogen bonds than in the ground state. Consequently the rate constant kg,
representing the reaction of T, with the solvent molecules, will be taken as
equal to zero.

Since the rise time of R(At) is more than twice as long in CH;CN-H,0O
mixtures than in CH;CN, the contribution of an S,, + S, absorption to the
total absorption must be even smaller than in CH;CN. In CH,CN the best fit
was obtained with eg = 0; therefore we take €s; = 0 in the simulation

: " = €s; un
of R(At) in CH;CN-H,O mixtures.
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Consequently also the values of the rate constants k; and %, obtained
with €g, = 0 for the solution in CH3;CN must be used.

An estimate of k; foilows from the quantum yield for triplet formation.
In CH3;CN-H,0 mixtures with X0 = 0.6, the triplet quantum yield ¢ of
3,5-DINA reaches a value of 0.9 [6].

The scheme in Fig. 14 implies

dr,uB = @1 X ¢, (25)
with
o= 73
kytky;t+k, (26)
ks
¢z = ot ks

With ¢p gp = 0.9, from eqgn. (25) ¢, = 0.9 and ¢, = 0.9 and therefore &/
k4 < 1/9 for 0.6 < Xy 0 < 1.0. Therefore k5 = 0 can be used in the calcula-
tion of R{At). It will be assumed that 25 = 0 also applies for the hydrogen-
bonded molecule in solvent mixtures with Xy, o <0.6. The ratio €x,/€x, yp
follows from D(t,,) determined for solutions of 3,56-DINA in CH5;CN and in
CH;CN-H,0 mixtures with Xy o> 0.6 and the known triplet quantum
yields in these solutions. Using eqn. (21), we find

€1o/€Tg pyp™ 2-3

The rate constants k5 and kg for intersystem crossing from the triplet states
to the ground state are known experimentally: B, = 1.28 X10°s ! and kg <
10%s7!, and they may therefore be neglected.

We can now summarize the assigned values of the rate constants and
extinction coefficients: (1) 2; = 1.0 X 10! s7!, k, = 0.8 X 101! 57! (these
values are the same as in neat CH3;CN); (2) €5, = €5; 3 = 05 (3) ks = 0 (this
follows from ¢q=0.9 for solutions with Xy,o >'0.6); (4) kg=0 (°nm,*
does not form hydrogen bonds).

The simplified kinetic scheme retains only three decay channels: two
already existing in non-hydrogen-bonding solvents and a third one via the
hydrogen-bonded excited singlet state. The rate constants that still have to
be determined are the rate constant k; for hydrogen bonding with S; and k4
the rate constant for intersystem crossing in the hydrogen-bonded molecule.

The simulations show that the formation of the hydrogen-bonded
excited singlet state is no longer the rate-determining step in solvent mix-
tures with x40 > 0.6. Qualitatively this is explained in the following way.
The triplet quantum yield is 0.9 when Xxu,0 > 0.6. Therefore k3 must be
much larger than k,. If then k2; would be the rate-limiting step, then the rise
time of R(At) would be shorter than that observed in CH;CN. However, the
actual rise time in the mixed aqueous solvents is slower than in CH;CN.
Therefore the intersystem crossing process S; yg > To, g is the rate-limiting
step in mixed aqueous solvents with xy o > 0.6. With the parameters given in
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TABLE 2

Rate constants for 3,5-dinitroanisole in hydrogen bonding solvents

Solvent ky ko ks ka k4 ks
(x1011  (x101* (x10'' (x10!!  (x101! (x10M
s 1) s71) s s71) sl sTh)

CH;CN-H,0
XH,0= 0 1.0 0.8 ) — 0.012 — —
XH,0=0.13 1.0 0.8 1.4 0.8 0.012 0.005  0.66
Xuo0=0.44 1.0 0.8 5 0.8 0.012 <0.005 0.66
Xu,0=0.60 1.0 0.8 >5 0.8 0.012 <0.005 0.66
Xu,0=0.80 1.0 0.8 >5 0.8 0.012 <0.005 0.66
TFE 1.0 0.8 >5 0.8 0 0 0.66
HFP-2 — - >0.82 — — _

ks = kg = 0 in all simulations.
2 Estimate based on equality of R(At) curves of 3,5-DINA in H,O and in 1,1,1,3,3,3-hexa-
fluocropropancl-2 (HFP-2), measured with a lower time resolution of 25 ps.

Table 2, ks =8 X 10'° s7! is obtained. This is close to the value of &k, for a
solution in CH3CN. If xy,0 < 0.6 then Ty and Ty yp will both contribute to
the transient absorption. With %2, = 8 X10!° 57!, k5 is calculated from the
R(At) curves obtained in CH3;CN-H,0 mixtures with xy o < 0.6. The values
obtained in this way are given in Table 2.

The reaction rate constant k; is found to depend on the concentration
of H,O in the solvent mixture. This dependence shows that the reaction of S;
with H,0 is approximately first order. For a first-order reaction, k; = [ H,0]
s !. We find that § = 3 X 10!°1 mol™! s ! which is close to what is expected
for a diffusion-limited reaction in CH3CN. The description of k3 as limited
by diffusion is of course much more satisfactory in solvent mixtures that
contain a relative low amount of H,O than for H,O-rich solutions.

The value of D(t,,) can be calculated as a function of k; according to

(ks + 1.5k3)en,
ki +ky+k;

The calculated curve matches the experimental D(t,,) values, as is shown in
Fig. 12. A conclusion to be drawn from the shape of the D(t,,) curve is that
k¢, the rate constant for the reaction of H,O with Ty, must be zero. When
k¢ # 0 a different functional relationship between D(f,,) and k3 applies:
1.5(k, + ky)

Ditm) = p =, €0 (28)
In this case a sharp increase in D(t,,) with increasing H,O content results for
low concentrations of H,O in CH,;CN-H,0O mixtures.

The close agreement between the experiment and eqn. (27) serves as an
additional argument to identify T, with an n#™ triplet state, incapabie of
forming hydrogen bonds.

D(tn) = (27)
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Summarizing we come to the following conclusions on the relaxation of
3,5-DIN A in aqueous solutions.

(a) Hydrogen bond formation with 3,5-DINA in its S; state competes
with radiationless relaxation from $S; via k; and k,;. The hydrogen bonding
reaction can be described as a first-order reaction in the concentration of
H,0, at least for solutions with xy o < 0.6.

(b) Hydrogen bonding results in a large reduction in the rates of
internal conversion S; - S, and of intersystem crossing T, = S, to the ground
state. However, it hardly affects the rate of intersystem crossing S; = T.

(¢) The rate of growth of the transient absorption in pure CH;CN is
determined by k; + k,. In H,O-rich solutions it is determined mainly by &4,
because nearly all molecules in S; become hydrogen bonded. As k4 = (k, +
k,)/2, we observe a much slower growth of the transient absorption in
H,O-rich solutions.

We shall now investigate whether we can apply the same model to the
results obtained with solutions in TFE. After excitation of a solution of 3,5-
DINA in TFE a T, < T, absorption band similar to that in aqueous solutions
is observed. The lifetime of the triplet state at 300 K here is as high as 3.5 us
and we are definitely dealing with a hydrogen-bonded triplet state. The value
of D(t,,) at 435 nm equals that observed in aqueous solutions; therefore we
assume that the triplet quantum yield is approximately equal to that ob-
served in H,0, i.e. ¢ = 0.9, for 3,5-DINA in TFE. The measurements of
R(At) at 433 nm give a curve similar to that observed in CH3;CN-H,0
mixtures with xy,0 < 0.6. The curve has a rise time of approximately 30 ps.
Application of the model from Fig. 14 with the same assumptions as in the
calculation of R(At) for the CH;CN-H,O solvents leads to the rate constants
given in Table 2.

In single-component hydrogen bonding solvents the reaction of S; with a
solvent molecule can no longer be described as a diffusion-controlled reac-
tion. Probably the time required to form the solute—solvent hydrogen bond
is limited by the orientation relaxation time of the solvent molecules and/or
the average lifetime of the solvent—solvent hydrogen bonds. Our experiments
show that k3 =5 X 10'°s™ !, which corresponds to a reaction time 7 of 2.0 ps.
The orientational relaxation time 7., in pure H,O amounts to 2.5 ps and in
solvent mixtures of CH3CN and H,O it varies between 3.0 and 1.0 ps,
aépending on the amount of H,O [26]. Therefore the rate constants ob-
tained for hydrogen bond formation appear to have realistic values.

We have investigated the effect of polarization on the transient absorp-
tion kinetics for 3,5-DINA in TFE. The largest difference, if any, will be
observed directly after the excitation has taken place, i.e. around At =10 ps
[27, 28]. R(At) values were measured directly after excitation at 435 nm for
0 ps < At < 10 ps. No difference has been observed between R(At); and
R(At),. Therefore we conclude that no induced polarization effects occur
for 3,5-DINA and that the measured kinetics of R(At) are the real kinetics,
which are not obscured by polarization effects.
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3.3. Exciplex emission from 3,5-dinitroanisole

In solutions of 3,5-DINA in mixtures of H,O and CH;CN with a mole
fraction of H,O greater than 0.5 a very weak emission after excitation with a
15 ns pulse at 353 nm is observed. The uncorrected spectrum is shown in
Fig. 15. Because of the very low quantum yield of this emission it is difficult
to exclude impurity luminescence. Nevertheless there are several reasons to
assume that this emission arises from the excited singlet state of 3,5-DINA.
The solvent itself did not show any emission in the wavelength region of
interest. Repeated purification of 3,5-DINA did not influence the intensity
of the luminescence. When the mole fraction of H,O in the solvent mixture
decreases from about 0.6 to 0.5 the intensity of the emission decreases.
Below a mole fraction of H,O of 0.5 it can no longer be observed. In exactly
the same region of solvent composition, the triplet lifetime of 3,5-DINA
changes from several tens of nanoseconds to the subnanosecond range.
Because the strong variation in the lifetime of the triplet state in this mole
fraction region is characteristic for 3,5-DINA il seems reasonable to associate
the observed luminescence with 3,5-DINA.

The intensity of the emission is linearly dependent on the excitation
intensity; from this we may conclude that the emission does not originate
from photoproducts that are excited by the 353 nm pulse. For such
secondary processes a quadratic dependence on the excitation intensity
would be observed. A possible photofragment would be the NO, radical,
which is known to yield luminescence after excitation [29]. The lifetime of
the emission is shorter than 5 ns, which is the time resolution of the detec-
tion system. In all instances the lifetime of the emission is much shorter than
the lifetime of the triplet state of 3,5-DINA. Therefore we conclude that the
emission arises from the excited singlet state of 3,5-DINA and not from the
triplet state.

On the basis of the absorption spectrum a fluorescence band is
expected to occur around 400 nm; however, the maximum of the emission is
around 570 nm. Both the large red shift and the broad structureless shape
point to exciplex emission [30]. Here the exciplex could be the complex
between 3,5-DINA in its nn™* charge transfer state and an H,O molecule. The
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Fig. 15. Emission spectrum of 3,5-DINA observed after excitation with a 353 nm high
intensity laser pulse in CH3CN—H,O mixtures with XH,0 > 0.5.
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emission originates then from the complex and terminates in a dissociative
ground state, as shown in Fig. 16. From the intensity we estimate an upper
limit of the quantum yield ¢¢ of fluorescence of 10 % or less. With k,, =
10" s ' and ¢y = kp/kp + kn, We obtain By = 107 s7!. This is not unreasonable
for a wa* transition which has a molar extinction coefficient €,,,, of 30001

mol~!'em™1,
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Fig. 16. Conceivable shape of potential energy surfaces of the singlet states as a function
of the hydrogen bond length: —, exciplex emission.

The fact that the emission can only be observed in the region with a
mole fraction of H,O greater than 0.5 could mean that the hydrogen-bonded
m™* singlet state lies below the nn™* singlet state only in this region. No emis-
sion of this kind has been observed in other hydrogen bonding solvents such
as TFE and 1,1,1,3,3,3-hexafluoropropanol-2 (HFP-2), despite the fact that
the excited molecules are thought to be fully hydrogen bonded in both these
solvents. The absence of the emission might mean that either the lowest
singlet state is not of 77#™* type or the intersystem crossing rate S; = T, has
increased. The latter possibility seems implausible in view of the results of
the picosecond experiments. The reason why nm* and #n* singlet states do
not interchange on hydrogen bonding with TFE or HFP-2 might be that a
combined action of a strong hydrogen bond and a high polarity of the
solvent is needed to invert the two states.

3.4. Photochemical relaxation of electronically excited 3,5 dinitroanisole

We have to rule out photochemical reactions in the mechanism of the
fast excited state decay of 3,5-DINA. The type of photochemical processes
that might lead to a fast deactivation of the excited state of the nitroanisoles
are photoionization, hydrogen abstraction and photodissociation or photo-
isomerization. Photo-ionization of 3,5-DINA in H,O does not occur. This
must be concluded because neither the absorption spectrum of the ion nor
the spectrum of the solvated electron is observed after excitation of 3,5-
DINA [6]. If photo-ionization in H,O is improbable, then it will be even less
probable in solvents with a lower polarity. It is known that hydrogen
abstraction by nitro aromatic compounds can occur. For some nitro
aromatic compounds, such as 4-nitroanisole, reversible hydrogen abstraction
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reactions of the following type have been observed (where Ar and Ar’
denote ary!l groups):

ArNO,* + Ar'OH —> ArNO,H- + Ar'O-
ArNO,H- + Ar'O- —> ArNO, + Ar'OH

Such reactions have been detected with chemically induced dynamic nuclear
polarization (CIDNP) and occur when a very good hydrogen donor such as
2,6-di-tert-butylphenol (DBP) is used. The OH bond dissociation energy of
DBP is known to be exceptionally low, namely 333 kJ mol™! [31, 32]. We
have tried to observe such reactions for 3,5-DINA in CH;CN and isopropanol
but no photo-induced CIDNP is observed in such solutions. Therefore no
hydrogen abstraction by excited 3,5-DINA seems to occur. If hydrogen
abstraction occurs the resulting 3,5-DINA H- radical should be observed by
its absorption band in the visible region [33]. As we observed no absorption
in the visible region after the decay of the triplet state we conclude that
hydrogen abstraction is not an important decay channel. Photodissociation
has long been held responsible for the absence of any fluorescence with
wavelengths shorter than 400 nm. The primary product thought to result
from a predissociation process is the NO,- radical [8]. If photodissociation
were to occur it is reasonable to assume that not all the primary products
would recombine. Photodissociation experiments on iodobenzene show that
recombination in solution is never 100%. In low viscosity solvents recom-
bination efficiency amounts to 75%, whereas in very viscous solvents like
hexadecane 5% still do not recombine [34]. Of course the recombination
rate depends also on the reactivity of the two radicals. As NO,- is a stable
radical, this recombination efficiency will certainly not be very high, and in
solvents such as CH3CN and CH,Cl, we expect that the recombination effi-
ciency will also not be very high. Therefore if NO,: is formed, we should
have been able to observe it, since the NO,- absorption has for instance been
observed after photolysis of nitromethane, where NO,- is formed several
nanoseconds after the photolysis pulse [35]. We conclude that no NO,-
radicals are formed, because we do not observe any absorption in the visible
region [36] after the decay of T,.

For all the conceivable photochemical processes of 3,5-DINA it can be
said that if they occur at all they must be very inefficient in the radiationless
decay of excited 3,5-DINA.

3.5, 4-tert-butyl-3,5-dinitroanisole

We have investigated the picosecond transient spectroscopy of B-DINA
to look for the effect of strong steric hindrance by the tert-butyl group on
the relaxation of the excited molecule. There are several ways in which the
tert-butyl group might influence the radiationless relaxation of 3,5-DINA.
The tert-butyl group in B-DINA forces the NO, groups out of the plane of
the benzene ring. This shifts the C—NO, torsional oscillation to a higher fre-
quency than in 3,5-DINA. If the torsional mode were to act as a prominent
accepting or promoting mode in the electronic relaxation of 3,5-DINA a
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very different behaviour in the excited state relaxation of B-DINA is to be
expected. Another reason why the excited state relaxation of S; of B-DINA
might be different from that of 3,5-DINA is that the out-of-plane NO,
groups may cause mixing of the parent nm* and wn* states of 3,5-DINA.
However, if the 7* orbital is really localized on the NO, groups then the rota-
tion of the NO, groups will cause little mixing of the first n7* and #n* states.

The crystal structure of B-DINA reveals that the NO, groups are rotated
65° around the C—N axis out of the benzene plane and that both C(1) and
C(4) are slightly tilted from the plane through the remaining ring carbon
atoms. This plane makes an angle of 9° with the C(2)-C(1)-C(6) and the
C(3)-C(4)—-C(5) planes [37].

As for 3,5-DINA, there is no detectable fluorescence or phosphores-
cence from B-DINA under any circumstances. The T, < T, absorption band
of B-DINA after excitation with a 353 nm light pulse is shown in Fig. 17.
The displayed absorption band has been identified as a T, < T, absorption
band by gquenching its intensity with a triplet state quencher such as tetra-
methyldiazetinedioxide or oxygen.

The triplet state lifetime of B-DINA is given in Table 3 for several
solvents. The variation in the lifetime with the solvent chosen resembles the
behaviour already encountered for 3,5-DINA. Hydrogen bonding of the
triplet state again enhances the lifetime; however, in the polar solvent
CH,CN the lifetime exceeds that of the triplet state of 3,5-DINA.

For solutions in non-polar solvents the triplet state absorption of B-
DINA could not be observed with our nanosecond spectrometer with 5 ns
resolution. However the T, < T, absorption band mentioned above is seen
on a picosecond time scale. This means that the lifetime of T, is less than
5 ns in non-polar solvents. The increase in the lifetime 7 from 5 ns or less to
85 ns in going from a non-polar solvent to CH3CN appears to reflect the
interchange of 3n7* and 377* levels owing to the action of the reaction field
in CH;CN. In contrast with 3,5-DINA the lowest triplet state of B-DINA in
CH,;CN is of 3ra* character. The quantum yield of triplet formation,
estimated from D(t,), increases when non-polar solvents are interchanged
with polar solvents. This is consistent with the interchange of levels men-
tioned above and similar to the behaviour of 3,5-DINA.
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Fig. 17. T,, + Ty absorption band of B-DINA in TFE.
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TABLE 3
Solvent B-DINA 3,5-DINA 3-NA

¢ 7 (ns) bt T (ns) T (ns)
Cyclohexane 0.2a 1<7<5 0.2-0.4 1<7<5 1<17<5H
CH;CN 0.43 85 0.45 0.8 35
TFE 0.452 3500 0.9 3500 3500

2 Estimated from D(t ).

The kinetics of formation of the triplet state of B-DINA after excita-
tion with 353 nm light pulses have been studied in solutions of B-DINA in
cyclohexane, CH3CN and TFE. The measurement of R(Af) on a picosecond
time scale has been carried out at 433 nm. The rate constants involved in
populating the lowest triplet state and in the decay of the primary excited
singlet state have been determined in the same manner as for 3,56-DINA. We
have determined the triplet quantum yield required in the analyses for a
solution of B-DINA in CH3;CN. The value ¢¢ of 0.43 is used in the simulation
and also to transform D(t,) to ¢ for other solvents. The experimental and
simulated curves of R(At) for solutions of B-DINA in CH;CN and TFE,
shown in Fig. 18, coincide exactly. A totally different curve is observed in
cyclohexane. The rise time is shorter and the optical density D(t,,) is a factor
of 2 lower than in the previous solutions. This is further illustrated by the
values in Table 4.

From the simulations we find that the contribution of an S, <« S,
absorption to the R(At) curve is small just as for 3,5-DINA. The ratio eg/e

12
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R (At)

-2 T T T T T T T T T
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Fig. 18. Growth of transient T, < T absorption of B-DINA in various solvents: 0, TFE;
®, CH4CN; A cyclohexane.
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TABLE 4

Rate constants for 4-tert-butyl-3,5-dinitroanisole

Solvent ¢T GS/ET ky ks kq
(x1010 g~ 1) (X100 g7 1) (x10°s71)
CH;CN 0.43 0.0 5.3-7.5 4.0-5.0 1-0.2
0.43 0.1 5.3 4.0 1-0.2
0.43 0.3 n n 1-0.2
Cyclohexane 0.22 0.0 8-12 2-4 1-0.2
0.2 0.1 5 1.25 1-0.2
0.2 0.2 n n 1-0.2
TFE 0.452 0.0 8.0 6.0 <0.001
0.45 0.2 4.0 3.0 <0.001

n, no good fit obtained.
2 Estimated from D(ty,).

in non-polar solutions may lie between 0 and 0.1 and in polar solutions be-
tween 0 and 0.3. Probably in all solutions egfer < 0.1. If we compare the
rate constants in Table 4 at equal ratios of €g/ey then it is observed that &, is
larger than k, in cyclohexane solution and approximately equal to k, in
polar solutions. The rate constant k, does not seem to vary with change in
polarity. The differences with 3,5-DINA are that in hydrogen bonding
solvents k; does not become much smaller than %, and that in polar solutions
the lowest triplet state of B-DINA is already a 37n* state. The fact that ¢y
does not seem to increase, on going from CH;CN to TFE as solvent, is dif-
ficult to understand. We observe clearly a solvent effect on the triplet life-
time, and therefore we assume that the 377™ state can form a long-lived
hydrogen bond with the solvent. An explanation might be that hydrogen
bond formation here cannot compete with S; relaxation, owing to a slower
hydrogen bonding reaction. A reason for a slower hydrogen bonding reaction
with S; may be the steric hindrance of the tert-butyl group or reduced
polarity of the charge transfer state, which makes the NO, group less acces-
sible or reactive for hydrogen bond formation. Another possibility might be
that there is a relaxation path of S, present, which does not exist in 3,5-
DINA and remains operative after hydrogen bonding. Such a relaxation
mechanism could be a photochemical deactivation of S, via an intramo-
lecular reversible hydrogen abstraction as suggested for other fert-butyl nitro
aromatics [38]. Indeed some photochemical reactions are observed for B-
DINA in CH,;CN. However, the quantum yield of such reactions is very low,
which seems to exclude photochemical deactivation as a main decay channel.

Although a number of uncertainties still remain, we conclude that the
introduction of the tert-butyl group between the two NO, groups does not
change the relaxation behaviour of 3,5-DIN A dramatically. The introduction
of the tert-butyl group does not appreciably slow down the very efficient
S, ~> Sy;and T, —~ Sy radiationless decay in non-polar solvents.
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3.6. 3-nitroanisole

The relaxation of excited 3-NA resembles the relaxation of 3,5-DINA
and B-DINA. Again a T,, « T, absorption is observed in polar and hydrogen
bonding solvents (A,.x = 435 nm) as is shown in Fig. 19. In non-polar
solvents no T,, < T, absorption is observed on a nanosecond time scale.

350 400 450 500 550
Alnm}

Fig. 19. T,, < Ty absorption spectrum of 3-NA in TFE observed on a nanosecond time
scale.

TABLE 5

Rate constants for 3-nitroanisole

Solvent ¢T €gle k, ko k4
(x1010 5~ 1) (x1010 51y (x10? s71)
CH;CN 1.02 0.0 0 15 0.033
0.5 0 12 0.033
1 n n
TFE 1.02 0.0 0 15 <0.001
0.5 0 12 < 0.001

n, no good fit.
a Estimate.

The picosecond relaxation of 3-NA has been studied in two solvents
only, CH3CN and TFE. As in the previous case of B-DINA the curves R(At)
in CH3;CN and TFE are exactly coincident. In the simulation we chose ¢ =
1.0, because D(t,)pina =~ D(tm)ana in TFE. (From photochemical exper-
iments we know that ¢ > 0.5 [39].) The rate constants thus obtained are
given in Table 5, and the simulated curve together with the experimental
results are shown in Fig. 20.

The rise time of the R(At) curves is very short; therefore the values of
k; and k, given are lower limits. Without a more precise knowledge of ¢ it is
not possible to calculate k£, and k,. However, in view of the previous results
it is probable that 2, > %k, in non-polar solvents, whereas in polar solvents it
is expected that the internal conversion process will become slower while the
rate constant for intersystem crossing will remain the same.
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Fig. 20. Growth of the transient T, < Ty absorption of 3-NA in CH3CN. A similar curve is
observed for 3-NA in TFE.

3.7. The cause of ultrafast radiationless decay of electronically excited nitro-
anisoles

Two main conclusions of the present work need an explanation, namely
the high rates of S; = S, internal conversion and T, — S, intersystem
crossing, observed in 3,5-DINA, 3-NA and B-DINA in non-hydrogen-bonding
solvents, and the effect of hydrogen bonding on these relaxation rates.

Often the radiationless decay of aromatic hydrocarbons is adequately
described by a near-exponential energy gap law [40]. It relies on the assump-
tion that only the highest frequency vibrational mode accepts the electronic
excitation energy. In aromatic hydrocarbons the C—H stretching vibrational
mode then acts as the efficient accepting mode. Its importance is clearly
demonstrated by the effect of deuteration on the rates of electronic relaxa-
tion [40 - 42]. However, for the nitroanisoles we determined rate constants
for radiationless decay in non-polar solvents that are many orders of mag-
nitude larger than can be explained by the energy gap law. We obtained
104 s7! < kg, .5, < 10'? 57! and kg, 5, ¥ 10° s7'. Aza aromatic and nitro
aromatic compounds are the only other types of molecules for which
internal conversion rates of these orders of magnitude have been reported
while having S, = S, energy gaps larger than 2.5 eV [5, 40, 43 - 47]. A rate
constant as high as 10° s7! for T, = S, intersystem crossing has not been
measured earlier. Only in the case of nitrobenzene has the triplet lifetime
been estimated to be of the order of 1 ns [21].

Let us refer to the electronic energy level scheme in Fig. 1. The first
excited singlet state S, is an nm,* state in which an electron from the NO,
groups is excited to the 7,* molecular orbital which is mainly localized on
the NO, groups. The dipole moment of this state is comparable with that of
the ground state. A CNDO/S-CI calculation predicts two nearly degenerate
nm,* states which have very similar electronic structures. For simplicity we
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consider the two nm,* states together as S,. The second excited singlet state
S, is a charge transfer state which has a large contribution from the singly
excited configuration with an electron from the anisole moiety of the
molecule excited to the w,* orbital. This excitation leads to a large increase
in the electron density on the NO, groups and therefore to a large increase in
dipole moment. Owing to the charge localization, the 3,5-DINA molecule in
its S, state will be capable of forming a hydrogen bond between one of the
NO, groups and a solvent molecule, e.g. H,O. This is in contrast with the
nw* state which will have less tendency to form hydrogen bonds than the
ground state. Therefore these levels should shift in opposite directions in a
hydrogen bonding solvent.

The S,—S; energy gap is estimated to vary between about 4000 and
0 cm™!, depending on the solvent polarity. In hydrogen bonding solvents the
5,-S, energy gap is thus expected to become very small and the S, and S,
states may even reverse their order. The corresponding ®nm;* and 3am,*
states, T( and T,, are thought to lie in even closer proximity. As discussed
before there are three reasons to identify the lowest triplet state of 3,5-
DINA in non-hydrogen-bonding solvents as a >nw,* state. First, there is a
great similarity between the triplet lifetime of nitrobenzene and of 3,5-
DINA. The lowest triplet state of nitrobenzene has been identified on
chemical grounds as a *nn* state [21, 22]. Secondly, we concluded from the
picosecond experiments in CH3;CN-H,O mixtures that 3,5-DINA in its
lowest non-hydrogen-bonded triplet state has a low reactivity towards
hydrogen bonding, which is typical for a ’nn,* state. The third reason is the
large decrease in the Ty = Sy intersystem crossing rate when going from non-
hydrogen-bonding to hydrogen bonding solvents. In the hydrogen bonding
solvents the lowest triplet state of 3,5-DINA has been identified as a 3w *
state, and an interchange of the “nw;* and *mvm,* states may explain the
observed large difference in lifetime. We concluded that whenever the decay
processes S; > S, and Ty > S, are very fast, they originate from singlet and
triplet states which have n7* character.

To explain the high rates of internal conversion and intersystem
crossing in nitrogen heterocyclic aromatics a model was introduced which
allows vibronic coupling between the first two crude Born—Oppenheimer
excited singlet states [48]. The vibronic coupling leads to a distortion of the
potential energy surfaces of these excited states, which leads to a strong
enhancement of the S; & S, and T, — S, radiationless transition rates. These
model calculations also reveal that the S; — T, intersystem crossing rate is
hardly influenced by the coupling of the two states. It has been shown that
the low frequency mode which couples the two zero-order states may be an
efficient accepting mode in the radiationless transitions [49, 50]. For suffi-
ciently small energy gaps and large vibronic interaction strength such a mode
may even become the dominant accepting mode. These aspects are referred
to as the proximity effect. It must be noted, however, that there is no

physical effect involved, but an improvement on an inadequate theoretical
description.
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Because there are closely spaced nn™* and na* excited states in the nitro-
anisoles it is useful to examine whether the high rates of radiationless decay
can be explained by the proximity effect. The proximity effect cannot be
the main reason for the fast excited state decay in nitroanisoles because of
what follows. We encountered two cases in which nm* and @an™ states are
close together. In CH3CN as solvent, the 3nm;* is slightly below the %zm,*
state, whereas in H,O the *77,* is probably not far below the 3nm,* state. As
far as the proximity effect is concerned there should not be much difference
between the decay rates in the two cases. However, experimentally the ratio
of the two rate constants is at least 103, The proximity effect would also
predict a decrease in the S; = S, relaxation rate of 3,5-DINA in going from
polar to non-polar solvents because the S,~S, energy gap is then becoming
larger. However, the reverse effect is observed.

We suggest that the fast S; > Sgand Ty~ Sy decay from the nw,™* states
is caused by a deformation of the NO, group, arising on excitation of the
nitroanisole to the nn,* state. Since the nm,* excitation is highly localized on
the NO, groups a deformation and displacement of the nw,* potential energy
surface with respect to the ground state are expected. The magnitude of the
displacement and distortion in the NO, group may be inferred from a
spectroscopic and quantum chemical study of the nitrite anion in solution
f51]. In the nitrite anion n7* transitions similar to those observed in nitro
aromatic compounds are possible. From calculations of the band shape and
position it is concluded that the O—N—O angle decreases by 10° on excita-
tion to the nw™* state and that the frequencies of the stretching and bending
vibrations decrease by about 30% [51]. This means that the potential energy
surface of the nw* state is strongly distorted and displaced compared with
the ground state. In Fig. 21 it is shown how such a large deformation, along
the O—N—O bending coordinate, may lead to strong non-adiabatic coupling
and large Franck—Condon factors for internal conversion for the nm,* state.

\7/[“:52
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Fig. 21. Conceivable potential energy surfaces along the O—N—O bending coordinate of
the NO, group. A tentalive relaxation path 7w * = nm* > Sy is indicated.

No deuterium effect has been found in the decay of the 'nw* and *nm,*
states of 3,5-DINA. This means that the C—H vibrations are not important as
accepting modes in the decay of these states, which is in accordance with the
point of view that the excitation is localized on the NO, groups. The C—NO,
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torsional motion may also be ruled out as an efficient accepting mode
because we also observe high rates of radiationless relaxation in B-DINA,
where this motion is strongly inhibited by the tert-butyl group. Therefore
the important accepting modes must be other local vibrations of the NO,
group such as the O—N—O bending and N—O stretching vibrations.

Excitation of 3,5-DINA with 353 nm light populates primarily the 77,
state, because the oscillator strength of the n,* « 7 transition exceeds that of
the m;* < n transition by nearly a factor of 102, The relaxation of Sy(wm*)
then proceeds via S; > T, intersystem crossing and internal conversion to S,
via S,, in competition with hydrogen bonding between S; and an H,O mol-
ecule. The above could mean that the internal conversion process S, = S is
not as fast as is usual for S,, > S; internal conversion.

The low rate of S, — S, relaxation may be explained by the small
energy gap between S, and S,. In polar solvents this energy gap is estimated
to be smaller than 2000 cm™!, which may result in a low density of energy
dissipating states in S; and consequently in a low rate of S; > S, relaxation
[62]. Such an effect has for instance been observed in isoquinoline where
the S, and S, states are separated by an energy gap of about 1000 cm™! and
where the rate constant for S, = S, relaxation was estimated to be 10'%s™!
[52]. This value corresponds in order of magnitude to the value of k, of
3,5-DINA in CH;3;CN. The observed increase in k; in going from CH;CN to
less polar solvents such as CH,Cl, might then be rationalized as follows. In
non-polar solvents the energy gap AE between S, and S, is larger than in
polar solvents. An increase in AF is accompanied by a higher density of
energy dissipating states and thus by an increase in k;.

We conclude that electronically excited nitroanisoles exhibit unusually
fast radiationless decay, when S, and T, are nr™ states with the excitation
localized on the NO, groups. Then the nn* potential energy surfaces are
distorted and displaced to a larger extent relative to S, than predicted by
pseudo Jahn—Teller corrections, i.e. the proximity effect. Hydrogen bond
formation may take place between the 'nn* charge transfer state and the
solvent molecules. When the solvent contains only a minor hydrogen bond-
ing component, the reaction is first order and limited by diffusion. The reac-
tion between the excited 'rw,* state and one H,O molecule leads to a charge
localization in the excited 3,5-DINA molecule and to an inversion of 3wn*
and 3n7*. Hydrogen bonding may also lead to an inversion of '7r*and 'nw
states. The relaxation of 'm7m* and 3wn* states to the ground state is much
slower than that of the nw* states.

In Table 6 some characteristic data on nitro aromatics are gathered. If
we compare the rate constants, quantum yields etc., the following general
conclusions on the decay of the nitro aromatic compounds may be drawn.
The n7w* states are not very sensitive for the type of aromatic systems to
which the NO, group is attached, because of the localized excitation
character of this state. The energy level of the 3nw* state is estimated to lie
about 20000 cm™! above S,. The wn* charge transfer state, however, is
strongly dependent on the type of aromatic system to which the NO, group

*
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TABLE 6

oF o7 ¢p ky® ky k7_1

(s (s~ (s%)

NitrobenzeneP <104 5.6 <1074 — — 10°
3,5-DINAS <10~ ¢ 0.4 <1074 1x10' 8x10% 1.2x10°
3,56-DINAd <1074 0.9 <1074 <1010 8 x101% <10¢
2-nitronaphthalene® <10 4 0.83 0.26 5x101® g x101° 17
3-nitroaniline® 0.135 — -

4 Rate constants as defined in Fig. 14.

P Nitrobenzene has long been thought to show a very weak phosphorescence which is
probably spurious [53, 54].

¢In CH4CN solution.

dIn aqueous solution.

¢From refs. 10, 44, 45 and 53.

is attached. The n7* states decrease in energy with increasing electron-
donating power or lower ionization potential of the aromatic system. There-
fore the wn™* state decreases in energy in the order nitrobenzene, 3-NA, 2-
nitronaphthalene and 3-nitroaniline. As a consequence the triplet state of
nitrobenzene is always of nm* character. In the nitroanisoles it may be either
nm* or nn*, depending on the solvent. In nitronaphthalene and nitroaniline
the triplet is always of w#™ character. If the lowest triplet is of 77* character,
then it may become phosphorescent. Intersystem crossing is always very fast,
if 'nm* - 3gx* and/or wa* = 3nm* processes are possible. In 3-nitroaniline
the lowest 'w7* singlet state is lower in energy than the n7* state and inter-
system crossing is much less efficient. Therefore we observe fluorescence in
this case. Whether fluorescence appears in nitro aromatic compounds is
determined by the energy level of the 3nz* state relative to the !m* state,
and not by photodissociation. Despite the very high rate of intersystem
crossing the quantum yield for triplet formation is not unity in most nitro
aromatic compounds. As in the nitroanisoles this is probably caused by a
very fast internal conversion process, originating from the nw* state. When-
ever a lowest triplet state is observed with a lifetime of not more than about
10 % s, it must be a 3n7* state with localized excitation.

A recent formulation of the theory of radiationless electronic transi-
tions in molecules clearly shows where promoting modes, displacement and
detuning of accepting modes and temperature enter the expression for the
radiationless decay rate constant [55, 56]. The theory is restricted by the
following conditions. After excitation, vibrational relaxation is much faster
than electronic relaxation and thus a thermal equilibrium population over
the initial states with vibrational quantum number v’ in the electronic state
W, exists. The Condon approximation is sufficiently adequate.

The frequency shift and displacement of oscillators may be neglected in
promoting mode factors. Molecular vibrations are treated as harmonic oscil-
lations of the normal coordinates ;. The molecular states are described in the
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adiabatic approximation W, = ®,8;,, with &, the electronic wavefunction
and 0,, the vibrational wavefunction in the kth electronic state. The
probability W(b — a) for a transition from electronic state &, to &, is given
by

[

1 11 fiw; ,
Wb —>a) = E,-ElRi(ab)lz ";—;i‘['é'gCOth(ch;) + 1$fi(wab+wi)+

i ‘Ftb)’ ’
+ —z—)coth(sz) - 1§f,(wa,, wj } (29)

with the promoting mode factor R;(ab) taken as

R;(ab) = —#2%( D, ¢ > 30

z(a ) an b ( )
Detuning and displacement parameters of normal modes are defined as

w.l — w."
py = ———— (31)
j
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The phonon coupling strength S is defined by

#
S = Z—Azcoth( b

33
2kT) (33)

The functions f; evaluated at T = O are expressed as

’ O A12 i) ' [] '
filwap * w;) =21 exp(—So) Y ... 2 l'[ ( ) 8 (wWap = Wi + Jujw;)

v, UN j Y (34)
Here
« 1 2
SO=S(T=0)=Z—2—A,- (35)
J
and
! 1 !
Wan T Wabn "2" ijwj (36)
I

at T = 0. To obtain a manageable expression for the temperature dependence
of W(b — a), the frequenc1es and displacements of all accepting modes are
given values @' and Aj respectively, which represent averages of the actual
values for the different modes. This is not a serious defect in the treatment
of an excitation localized on an NO, group, because only the local N—O
stretch and NQO, bending vibrations are important. By defining
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Wb —>a, T
Wb—>a,T)= 2L>aT) (37)

W(b—>a,0)
and

Wap'
wba’* = _!:_
@

the temperature dependence for low temperatures, i.e. kT < #&’, becomes

* = _1 * __ 9§ So* +
W*b—>a, T)=1+ exp T Wha 285, +

So?

+
wba’*(w‘ba'* + 1)

(38)

Below a certain temperature limit T, the effect of temperature is small. The
threshold temperature T'.*

. 1
Te" = In{wy,"* — 280 + (So¥wrpa ™) + 8oY wpa *(Wpa' * + 1)} (39)

The behaviour of W*(b ~ a, T*) has been studied for various choices of
So and wyp,'* [56]. For a fixed coupling strength So the temperature effect
increases with increasing energy gap wba , and for a fixed energy the tem-
perature effect increases with decreasing S o- The theory shows that large dis-
placements in the local NO, vibrational modes are to be associated with a
strong phonon coupling So Similarly large phonon coupling strengths may
be expected for other locally excited small chromophores, e.g. keto groups.
The much faster radiationless decay of the local excitation on NO, groups
must therefore be due to a further amplification of the transition probability
by the promoting mode factors R;(ab). The electron distribution in the n7™*
states, with excitation localized on the NO, group, is expected to be highly
modulated by vibrations which modulate the overlap of lone pair orbitals
centred on different oxygen atoms, e.g. NO, bending and N—O stretching
modes. Then the derivative of the electronic wavefunction with respect to
the corresponding normal coordinates must be large. The theory also allows
the absence of a temperature effect in the radiationless decay of the nitro-
anisole to be associated with the strong phonon coupling S,.
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4. Results and discussion: decay of hydrogen-bonded triplet state of nitro-
anisoles in relation to the electronic structure of their excited states and the
properties of the solvent

4.1. Electronic structure of the nitroanisoles

4.1.1. UV absorption specira

The gas phase UV absorption spectra of nitrobenzene and some of its
derivatives are given in a number of recent publications [ 57, 58]. In Fig. 22
the gas phase spectrum of 3,5-DINA is shown together with some spectra of
3,5-DINA in solution. The spectra are characterized by three intense absorp-
tion bands around 200, 230 and 310 nm. A weak broad band around 360
nm can only be distinguished clearly in the gas phase spectrum. The assign-
ment of the absorption bands of nitrobenzene and some of its derivatives
has been the subject of discussion in several publications [59 - 66]. In most
cases only the strong absorption bands were considered. These bands are
ascribed to w* < 7 transitions. Much less attention was given to the weak
absorption bands, which are most probably caused by w* < n transitions, as
we may infer from their low oscillator strength and from their polarization
[59 - 64]. Our attention will be focused mainly on the lowest excited states
because these determine the rate of relaxation of the primary excited state
to the ground state. Figure 22 reveals a large bathochromic shift in going
from the gas phase to a solution and from non-polar to polar solutions. From
these solvent-induced shifts in the absorption bands and also from electro-
optical measurements it is possible to deduce the changes in electric dipole
moment which occur on excitation [67, 68]. In this way the dipole
moments of several a7™ excited states of nitrobenzene, 3-NA and 3,5-DINA
have been obtained [39, 69]. All these molecules have considerably larger
dipole moments in their 7™ excited states than in the ground state. For
instance, 3,5-DINA has dipole moments of 8.5 debyes and 4.0 debyes in the
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Fig. 22. UV absorption spectra of 3,5-DINA:
hexane; —- —, in CH3CN.
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first excited !n7* state and ground state respectively [20]. The large increase
in dipole moment has been related to transfer of charge from the benzene
moiety to the NO, group(s) [60].

Because the weak n* < n absorption bands are severely overlapped by
much more intense m* < 7 absorption bands it is hardly possible to observe
any solvent shift in the weak absorption bands. The solvent-induced shift of
the 7* < n band in nitrobenzene has therefore been a source of confusion,
but finally it has been concluded that no red shift occurs with increasing sol-
vent polarity [58]. A small blue shift might be involved as for 1,3,5-trinitro-
benzene. Consequently it has been concluded that the dipole moment of the
n7* state of nitrobenzene is equal to or somewhat smaller than that of the
ground state [58]. The same appears to hold for the n7™* states of 3,5-DINA
and 3-NA from the solvent effect on the first weak absorption band.

4.1.2. Complete negiect of differential overlap/spectroscopic—config-

uration interaction quantum chemical calculations

Semiempirical quantum chemical methods such as the Nagakura—
Tanaka [60] charge transfer model and the Pariser-Parr—Pople molecular
orbital (MO) [59] method have been applied to nitro aromatic systems.
These methods do not take nw* states into account. Since several nw™* states
are expected among the lowest excited states of the nitro aromatic com-
pounds we applied the CNDO/S—CI method with standard parametrization
[70] to find the ordering of energy levels and the charge distributions of the
lower excited states [71]. The total wavefunction for the nth excited state
will be denoted as

®, = 2C.ud; (40)
i

Here ¢; represents a single configuration with an electron promoted from
ground state orbital Y, to virtual orbital y,;, expressed as ;< Y. The
highest 7 self-consistent field (SCF) MO occupied in the ground state will be
indicated as wy, and the lower-lying orbitals as 7..,, 7_, ..., in order of de-
creasing energy; lone pair orbitals are represented in the same way as ng,
n_; .... Virtual #+ MOs are labelled as #,*, w,* ..., in order of increasing
energy. The linear combination of atomic orbitals expression for an MO ;
is written as

Y; =22 CiraXna (41)
kR o

where X.. represents an atomic orbital on the kth atom. The fractional
population P;; contributed by a molecular fragment g to MO ; is given by

Py = 2 2 Cpa’ (42)
keg o

From the value of P, it may be judged to what extent an orbital y; is
localized on fragment g.
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4.1.2.1. Nitrobenzene. The configurations ¢; which are important
for nitrobenzene in the excited state wavefunctions &, are given in Table 7.

TABLE 7

Truncated wavefunctions of nitrobenzene

1, = 0.888(m* < ng) + 0.403(m3* < ng) + ...

1(1)2 = _0.888(7T1* “<n_;)— 0.4—03(7{3* “<n_;)+...
l‘b3 = 0.825(m* « @) — 0.474(my* < m_y) + ...
1B,=—0.977(m * <)) + ...

3D, = 0.902(m * T _3) + ...
3@2 = 0888(171* “ng)— 0.403(1?3* “ng)t+... %1(131

The orbital population P,(y) contributed by the NO, group is given in
Table 8 and shows that most of the population due to ny, n_; and w,* is
localized on the NO, group, whereas w, is mainly localized on the phenyl
ring. The predicted transition energies, oscillator strengths and dipole mo-
ments given in Table 9 are in good agreement with the experimental values
and other CNDO/S~CI calculations [62]. The calculated dipole moments u,
and u, of the ground and excited states are too large. This has also been
observed for other CNDO calculations [72]. The ratio R = u./Mg, how-
ever, corresponds to experiment (R.,, = 2.4; R, = 2.6).

TABLE 8

Localization of the molecular orbitals of nitrobenzene

* *

ng n_, 77'3* ms kLY Mo m_y M—2
PN02 0.82 0.91 0.28 0.00 0.70 0.05 0.00 1.00

The first two excited states both have na™ character and can be con-
sidered as local excitations of the NO, group. Excitation to !®, causes a de-
crease in electron density on the oxygen atoms (0.17 electron per oxygen
atom) and a small increase in electron density on the phenyl ring (0.18 elec-
tron). Consequently the dipole moment in &, is slightly lower than that in
the ground state. This reduction in electron density on the oxygen atoms
attenuates their tendency to form hydrogen bonds [70, 73]. Excitation to
1, involves a similar migration of electron charge from the NO, group to
the phenyl ring as for &, .

We attribute the observed weak absorptlon band around 360 nm (3.4
eV) in the gas phase spectrum to the transition from !®, to !®,. This is in
agreement with the low oscillator strength, the solvent-induced band shift
and the polarization determined for this band [61].

The CNDO/S—-CI calculation predicts a value of 0.42 eV for the energy
gap between '@, and '®,. Other CNDO calculations also predict such a small
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energy gap [63 - 66]. However, we think that this energy gap will be around
0.7 eV, which places '@, higher above '@®,. This larger energy gap will be
explained later.

The state !®; consists mainly of the configuration 7,* < m, with an
admixture of w,* < m.,. The first configuration is a charge transfer con-
figuration in which electronic charge migrates from the phenyl ring to
the NO, group. The second configuration is a locally excited configuration
of the phenyl ring. The transition from !®, to !®;, regarding transition
energy, polarization and oscillator strength, corresponds to the band at
283 nm (4.38 eV) in the gas phase spectrum.

The state '@, mainly consists of the pure charge transfer configuration
m,* < 7_;. In this state even more electron density migrates to the NO,
group than in !®,; and the dipole moment of this state is very large. The
energy, oscillator strength, polarization and large dipole moment agree with
the assignment of the 5.11 eV absorption to the !&, < &, transition. Just
as a decrease in electron density leads to a lower tendency towards hydrogen
bonding, a large increase in electron density on the oxygen atoms leads to an
increase in tendency for hydrogen bonding [70, 73]. The increase in electron
density in ®, amounts to 0.16 electron on each of the two oxygens and 0.29
electron on the nitrogen atom.

The CNDO/S—CI procedure proves inadequate for the description of
the triplet states. It results in a vanishing separation between 'n7* and 3na*
states with the same electron configuration and therefore does not provide
any useful information on the location of 3n7* states relative to *rm* states.
Identification of the nature of the lowest triplet state has to rely on exper-
imental data. As already noted, nitrobenzene is believed to have a *nz*
state as the lowest triplet state. The energy level S, estimated from solution
spectra lies around 3.30 eV. The energy level E; of T, estimated from
quenching experiments is 2.6 eV or more. If S; and T, have the same
electron configuration then a singlet—triplet splitting of 0.7 eV or less might
seem rather large for ng* states. This large energy gap seems less surprising,
however, if we take into account that both the ny and «,* orbitals are highly
localized on the oxygen atoms of the NO, group [74]. The CNDO/S-CI
calculation, in contrast, predicts a 3zw* state as the lowest triplet state of
nitrobenzene which involves a local 7* < 7 excitation of the NO, group. The
corresponding singlet state lies at 6.66 eV and the calculation thus presents a
singlet—triplet splitting of 4.74 eV owing to the very strong localization of
this particular excitation. A poor agreement between predicted triplet states
and experimental results has also been found for nitroanilines [64].

4.1.2.2, 3-nitroanisoles. The first two excited singlet states of 3-NA are
again two n#™ states similar to those in nitrobenzene as shown in Tables 10
and 11. From the data in Tables 10 and 12 it seems that the excitation to
1, and ®, is somewhat less localized than in the corresponding cases of
nitrobenzene and 3,5-DINA. This stands in contrast with the results of an ab
initio calculation on 3-nitroaniline which predicts fully localized nr* excita-
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TABLE 10

Truncated wavefunctions of 3-nitroanisole

Ib, = —0.666(m* < ng)— 0.589m*<n_;)+...
Ip, = —0.845(m* < n_z) + ...
1d, = 0.888(m * < my) + ...
I(I).; = 0.823(771* <_TT_1) + ...

TABLE 11

Experimental? and calculated properties of 3-nitroanisole

®; Symmetry E (eV) f u (debyes)

Calculated Experimental Calculated Experimental Experimental

o A — — — — 3.7
1 A" 2.92 3.35 104

2 A" 3.33 0

3 A 4.20 3.9-4.1 0.07 0.04 8.8
4 A 4.88 4.7-4.9 0.188 0.12

5 A’ 5.26 5.5-5.7 0.087

6 A 5.84 5.85 0.299

2 Data from refs. 57 and 71.

TABLE 12

Localization of the molecular orbitals of 3-nitroanisole

Ng n_; n_; Mg To UE

Pyo, 0.45 0.45 0.85 0.03 0.00 0.70

tions on the NO, group [65]. Since there is a great resemblance in electronic
properties of an NH, and an OCH; group it may be anticipated that an ab
initio calculation would also localize the first two excitations in 3-NA on the
NO, group. The ab initio calculation on 3-nitroaniline yields an energy
separation between &, and &, of 0.7 eV, whereas semiempirical methods
with neglect of differential overlap predict values between 0.3 and 0.4 eV
[59, 64, 66]. Since neglect of overlap between the two neighbouring lone
pair atomic orbitals seems a serious defect in treating the splitting between
the ny and n_; MOs, we regard the ab initio value of 0.7 eV as more reliable
than the CNDO results and expect that the energy gap between '!®,; and ®,
in nitrobenzene and 3-NA and the corresponding two pairs of states in 3,5-
DINA will also be around 0.7 eV.

The CNDO/S—CI calculation places !®; 0.4 eV lower in energy than
estimated experimentally. In nitrobenzene, 3,5-DINA and other nitro
aromatic compounds the corresponding &, states are also calculated to be
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too low [64]. We think therefore that the relative energies of the singlet
excited states are estimated in a better way by adopting the ordering of the
am* levels from the CNDO/S-CI calculations and then positioning '@,
according to the experimental value and taking an energy gap of 0.7 eV
between &, and !@,. In this manner !®, is positioned above !®;. Finally we
note that the presence of the electron-donating OCHj; group in 3-NA lowers
the excitation energy of the charge transfer state '@, significantly compared
with nitrobenzene, where it is labelled '®,4 (Fig. 23).

Dt he  3-NA  35-DINA

Fig. 23. Electronic energy level diagram obtained from CNDO/S—-CI calculations: - - - -,
connects related states.

4.1.2.3. 3,5-dinitroanisole. The results of the calculation for 3,5-DINA,
together with some experimental data, are gathered in Tables 13 - 15. The
calculated transition energies are nearly identical with those of 3-NA. The
main difference from 3-NA is that we now obtain two pairs of nearly
degenerate nw* states, (®;, '&,) and ('®;, '®4). The n MOs are largely
localized on the NO, groups as can be seen in Table 14. The #,* and #,*
MOs may be regarded as symmetric and antisymmetric linear combinations
of m,* of 3-NA and 5-NA. From the orbital populations and the wavefunc-
tion expansions we calculate that 70% of (!®,)? arises from configurations
in which the excitation is almost entirely localized on the NO, group(s),
the remaining 30% is contributed by a configuration which involves MOs
which are localized for about 50% on the NO, groups. Therefore excitation
to @, may be regarded as a local excitation of the NO, groups. The same
applies for ®,, '&; and '®,. The near degeneracy of (®,, 1&,) and (1&,,
'®,) reflects that the two NO, groups have very little interaction. Conse-
quently the same reasoning as for 3-NA regarding the position of the energy
levels of these nw* states and energy gap between !&,, and 1<I>3,4 applies
here, i.e. we take E;,—E,,~ 0.7 eV and E,, about 0.4 eV higher than
calculated. The weak absorption band around 3.4 eV can now be assigned
to a transition from '®, to 1®; or &, or to both.

State &g is a charge transfer state similar to those encountered in nitro-
benzene (!®,) and in 3-NA (1®;). The absorption band at 4.13 eV is thought
to arise from a transition from &, to !®,. In this state electronic charge is
transferred from the anisole part of the molecule to both NO, groups. This is
reflected in the increase in dipole moment compared with the ground state.
The energy gap AE between '®, , and '®; is estimated from the gas phase
spectrum to be 0.7 eV. In solvents this gap will be reduced to AE < 0.4 be-



TABLE 13
Truncated wavefunctions of 3,5-dinitroanisole

177

E (eV)
b, = —0.625(m* < ng) — 0. 553(71,* “n_j)+.
1cI>2 =—0. 585(77,* “<ng)—0. 579(172 “n_g)+.
1Py = 0.458(mp* < n_3) + 0.458(m,* < n_z)+ ...
Ip, = —0.466(mMy* < n_3) — 0.476(m* < n_3)+ ...
1¢5 = 0.885(771* « ﬂ'o) + ...
1cb6 = —0945(772* < 7T0) + ...
3¢1 =—0.589(771*<_7T_2)—0.698("2*‘_17_.2)4' . 1.44
3P, = —0.649(m * < 7_3) + 0.647(my* < w_3) + .. 1.45
3p3=—0.635(ma* < my) + .. 2.91
3cI>4-w—o 625(172*<—n0)--0 553(m *<n_;)+ ...~ 1P, 2.96
3= —0.585(my* < ng) —0.579(m* < n_y) + ...~ 1b, 2.96
3Pg = 0.868(m* < mp) 3.02

TABLE 14

Localization of the molecular orbitals of 3,5-dinitroanisole

* %

ng n_j n_, n_js n._4 M my Mo T -2 m_3
P(NO,)3 0.23 0.41 0.92 0.45 0.0 035 0.4 0.006 0.04 0.0 1.0
Pno,), 0.23 0.41 0.0 045 092 035 0.4 0.006 0.04 1.0 0.0
TABLE 15
Experimental and calculated properties of 3,5-dinitroanisole
Ip; Symmetry E (eV) f u (debyes)
Calculated Experimental Calculated Observed Calculated Experimental
[12]
0 A — — — — 7.48 4.0
1 A" 2.96 ~3.4 10~5 50 4.03
2 A" 2.96 1074 5.68
3 A" 3.35 1074 4.15
4 A" 3.36 106 8.37
5 A’ 4.17 4.13 0.097 3000 11.27 8.5
6 A’ 4.80 4.8 1074 16.44
7 A’ 5.17 5.2 0.353 14.16

cause the n7* and ww* states shift in opposite directions. In cases where
hydrogen bonding occurs '@, , and '®; might even reverse in order.

With respect to the triplet manifold the CNDO/S—CI method predicts
two nearly degenerate nw™ states as the first two triplet states. These two
states are highly localized on the NO, groups and similar to the first triplet
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state in nitrobenzene. As before, we think that the singlet -triplet splitting is
overestimated in the calculation owing to the full localization of the MOs on
the oxygen atoms of the NO, groups and therefore these two triplet states
will actually lie much higher. This leaves for the first four triplet states the
degenerate pair of n* states 3®, and 3®s, the charge transfer state 3P, and
the state 3®;, which represents a local excitation of the anisole moiety. As
pointed out earlier the ordering of the triplet states cannot be established by
the CNDO/S—CI calculation. We assume that the ®nz* states (3<I>4,5) will be
the first two triplet states slightly below 3®, (the charge transfer state) in
non-hydrogen-bonding solvents.

At present there is no evidence for the existence of the ®, , states. It
may be anticipated that it will be difficult to discriminate between a
localized 3n7#* excitation and a localized 3r7* excitation, because both
excitations may render the NO, group very reactive [66]. Indeed a localized
3rm* excitation may also lead to a deformation of the excited state potential
energy surface and thereby to high non-radiative decay rates [66].

In conclusion we may say that the CNDQ/S—CI method predicts
transition energies, oscillator strengths, polarization directions and dipole
moments in fair agreement with the experiments as far as singlet states are
concerned, thereby providing us with a reasonable insight into the types of
excited states that are involved and how for a group of molecules these states
are related. For the nitroanisoles we conclude that there is a low-lying na*
singlet state (two states in 3,5-DINA) which is highly localized on the NO,
group, with a charge transfer ww* state in its vicinity. The same probably
applies for the triplet states. The energy level of the nw™ states hardly shifts
in going from nitrobenzene to 3-NA or 3,5-DINA, whereas the position of
the charge transfer state is rather sensitive to the type of aromatic ring to
which it is attached, as is shown in Fig. 23. Starting from Fig. 23 we derived
the energy level scheme given in Fig. 1 and used in our discussion of the
relaxation of 3,5-DINA.

4.1.3. Photoelectron spectra

Experimental information on the electronic structure of the nitro-
anisoles can be obtained from photoelectron spectra. The observed photo-
electron spectroscopy bands can be correlated with specific SCF MOs from
the CNDO/S—CI calculations. For nitroanisoles and nitrophenol such cor-
relations have been made with CNDQO/2 calculations [75].

The photoelectron spectrum of 3,5-DINA, shown in Fig. 24, has been
measured by using the He(I) 21.21 eV resonance line for excitation. The
resulting vertical ionization potentials together with those of 3-NA and of
nitrobenzene are given in Tables 16 and 17.

The shape of the spectrum of 3,5-DINA is very similar to that of 3-NA
[75]. Only small shifts in the positions of some of the bands are observed.
The first two bands of 3,5-DINA (and 3-NA) and nitrobenzene can be
assigned to ionizations from 7 MOs localized on the anisole and benzene part
of the molecules [75]. The two bands appear at ionization energies of about



179

| S LA s S |

s 1 1 127 1’ o
ILP {eV}
Fig. 24. Photoelectron spectrum of 3,5-DINA.

TABLE 16
Photoelectron Vertical ionization potentials (eV) for the following
spectroscopy molecules
b

and Nitrobenzene? 3-NA® 3,5-DINA
1 9.93 9.01 9.4
2 10.32 9.87 10.22
3 11.01 10.86 11.2
4 11.23 11.14 11.35
a2 Data from ref. 21,
TABLE 17
MO SCF MO energies (eV) for the following molecules

Nitrobenzene 3-NA 3,5-DINA

Mo —10.58 —9.99 —10.56
m_, —10.78 —10.74 —11.49
neg —11.85 —12.59 —13.14
M3 (NOy) —12.67 —11.86 —12.09

0.7 eV and about 1.1 eV higher for 3-NA and 3,5-DINA respectively than
the corresponding bands in anisole. This increase in ionization potential can
be explained by the electron-withdrawing effect of the NO, group(s) which
stabilizes the # MOs. The stabilization is confirmed by the CNDQO/S-CI
calculation which predicts a stabilization of approximately 0.6 eV in going
from 3-NA to 3,5-DINA. The third band can be identified with an ionization
from the n orbitals localized on the NO, groups from the fact that the shape
and position are similar to those of the same band in nitrobenzene. The same
applies for the fourth band, which is assigned to the myo, orbital. Both these
MOs are localized on the NO; group and are not very sensitive to the type of
aromatic system to which the NO, group is attached.

The above interpretation is supported by the CNDO/S—CI calculation.
We observe in Tables 16 and 17 that the ordering of the MOs corresponds to
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the one given above, with the exception of the two close lying MOs 3 and 4.
The calculated ionization potentials are somewhat higher than the exper-
imentally observed values; this may be understood because electron reorgan-
ization is not taken into account in the SCF orbital energies. The calculated
values deviate by about 1 eV for the # MO ionization energies and by about
1.5 eV for the n MO ionization energies.

In conclusion, the photoelectron spectra support the CNDO/S-CI
results and make them more convincing.

4.2. Hydrogen bonding of nitroanisoles

4.2.1. Ground state complexes

An important question in the discussion of the relaxation of excited
3,5-DINA molecules in hydrogen bonding solvents is whether or not 3,5-
DINA forms hydrogen bonds in its electronic ground state. As 3,5-DINA has
‘“non-bonding” electron pairs at both the OCH, and the NO, groups it might
be expected to form one or more hydrogen bonds with solvent molecules.
We have used IR spectroscopy to study the interaction of TFE and 3,5-
DINA in dilute solutions. TFE was chosen because it is capable of forming
strong hydrogen bonds and has itself a low degree of association [76, 77].

We focus our attention on the shift in frequency of the fundamental
O—H stretching vibration due to hydrogen bonding. Figure 25, spectrum a,
shows the absorption spectrum of a dilute solution of TFE (1.58 X102 M)
in CCl,. The highest peak at 3625 cm™! arises from the monomer alcohol
and the weak and broad band around 3400 cm™! is due to hydrogen-bonded
clusters of TFE molecules [76, 77]. Figure 25, spectrum c, shows a new
band at 3488 cm ! which develops when anisole is added to the solution
(anisole concentration, 0.1 M). At the same time the monomer peak de-
creases in intensity.
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Fig. 25. IR absorption spectra: spectrum a, TFE in CCl,; spectrum b, TFE + 3,5-DINA in
CCl,; spectrum ¢, TFE + anisole in CCly.
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Another weak absorption band around 3580 cm ! is also a consequence
of the interaction between anisole and TFE. The band at 3488 cm™! arises
from a complex between the OH group of TFE and the OCHj; group of
anisole and the band at 3580 cm™! is attributed to a complex of TFE and
anisole, bonded via an interaction with the 7 electron system of the anisole
[78].

The shift Ao in wavenumber of the O—H stretching vibration induced
by the hydrogen bond is proportional to AH, the change in enthalpy due to
formation of the complex. Using the relation between AH and Ao for TFE
[77 - 79] we obtain a bonding enthalpy AH for anisole with TFE of —17.6
kd mol~! for the o0 complex and a bonding enthalpy of AH, of —3.3 kJ
mol~! for the # complex.

In Fig. 25, spectrum b, the spectrum of a solution of 3,5-DINA (0.1 M)
and TFE in CCl, is presented. The concentration of the aromatic compound
and the alcohols are each the same as in the previous cases. The absorptions
due to the monomer alcohol and the clusters of alcohol molecules are again
observed at 3625 cm ™! and around 3400 cm™!. However, in contrast with
the spectrum of TFE with anisole there is no well-resolved band which can
be associated with complex formation between the alcohol and 3,5-DINA.
Only a slight broadening at the bottom of the 3625 cm ! band indicates the
formation of very weak complexes with AH = —3.3 kJ mol™?! [78]. Whether
these complexes involve hydrogen bonds to the OCH; group, to the NO,
group or to the benzene ring is difficult to say. A reduction in AH of the
OCH; hydrogen bond and of the # complex is to be expected because of the
introduction of the electron-withdrawing NO, groups. A good correlation
between the electronegativity of the acceptor substituents and the shift in
frequency has been found [78]. With the aid of this relationship we estimate
Av of the OCH; hydrogen bond to be about 50 ecm !, and Av ~ 0 cm™! for
the # complex. Apparently only very weak hydrogen bonds to the OCH;
group are involved. With respect to possible weak hydrogen bonds to the
NO, groups it may be said that they cannot be excluded rigorously, although
NO, groups are known to be extremely weakly basic [79, 80].

The question whether or not 3,5-DINA is complexed to a large extent
when it is dissolved in concentrations of 1073 mol 17! or less in pure TFE,
CH;0H or H,O cannot be answered definitively. The major difficulty arises
from the unknown entropy effects. In a non-rigorous fashion it may be
argued that the enthalpy of dimerization of TFE (—22.3 kJ mol™1) is
considerably larger than that for the complexation of TFE with 3,5-DINA.
Therefore, if entropy effects for the two complexes do not differ too much,
we expect no substantial complexation between 3,6-DINA and TFE. Since
CH3;OH is less acidic than TFE the binding energy of the complex between
CH,;0H and 3,5-DINA will be even smaller than that of the 3,5-DINA-TFE
complex. From data on complexes of fluorinated and ordinary alcohols with
the same acceptor molecules we estimate AH > —2.5 kJ mol™!. In contrast,
CH;OH has a much higher degree of self-association. At room temperature
only 2% of the molecules are in the monomer form [81]. The above means
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that 3,5-DINA in CH;0OH will show an even lower tendency to be hydrogen
bonded than it does in TFE.

Finally, in pure H,O the monomer concentration is estimated to be
about 1073 mol 17! {59, 82]. The binding energy for the H,O dimer is 19 kJ
mol™!, whereas the binding energy of the 3,5-DINA-H,O complex is esti-
mated to be smaller than 3.3 kJ mol™!. Therefore again it seems improbable
that 3,5-DINA is hydrogen bonded in agqueous solutions. The conclusion that
3,5-DINA is not hydrogen bonded when dissolved in H,O or alcohols is sup-
ported by our earlier study on the triplet lifetime in CH3;OH. Here the triplet
lifetime increases on lowering the temperature until a glassy state of the
alcohol is reached, then the triplet lifetime becomes again very short {11,
39]. We concluded that the short-lived triplet state is not hydrogen bonded,
whereas the long-lived triplet state appears after hydrogen bonding of the
excited 3,5-DINA molecule. The latter step becomes impossible in a glassy
solution. The very low solubility of 3,5-DINA in H,O is also in accordance
with the absence of hydrogen bonding between 3,5-DINA and H,O.

In conclusion, we presented evidence that 3,5-DINA hardly forms any
hydrogen bonds with TFE and probably none with CH;OH and H,O. In the
following sections we shall assume that 3,5-DINA in its electronic ground
state is non-hydrogen-bonded at the NO, groups in these solvents.

4.2.2. Excited state complexes

The hydrogen bonding interaction between the excited 3,5-DINA
molecule and solvent molecules must be studied in an indirect manner. We
have chosen the 3,5-DINA anion as a model compound for 3,5-DINA in its
excited charge transfer states !®; and >®g, because in both cases an unpaired
electron occupies the m,* MO [83]. First we shall discuss the results of the
ESR study of the anion in aqueous solutions and then the relation of the
anion to the excited molecule.

4.2.2.1. 3,5-dinitroanisole anion in aqueous solutions. The spectrum of
the radical anion of 3,5-DINA in a solution in CH3CN has been given earlier
[84], and is displayed in Fig. 26. From the pattern of lines it may be con-
cluded that in this solution the two nitrogen nuclei are equivalent, i.e. the
anion has approximately C,, symmetry. The hyperfine coupling constant for
each of the nitrogen atoms amounts to 4.41 G and that for the hydrogens to
2.63 G [84].

If H,O is used as a solvent for the anion of 3,5-DINA the ESR spectrum
becomes quite different. The spectrum, obtained at 300 K, is presented in
Fig. 27. In addition to the lines assigned to the anion, indicated by arrows,
the spectrum shows some weak lines due to reaction products of 3,5-DINA.
The pattern of lines and the intensity distribution indicate a strong hyperfine
interaction with a single nitrogen nucleus and three equivalent hydrogens.
Such a coupling scheme leads to a sequence of three groups of four lines
each, exactly as found in the spectra. Apparently the spin density of the un-
paired electron here is localized on only one of the NO, groups on the
characteristic time scale of the ESR experiment.
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Fig. 26. ESR spectrum of the anion of 3,5-DINA in CH;CN (7T = 300 K).
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Fig. 27. ESR spectrum of the anion of 3,5-DINA in aqueous solution.

The low field line of the spectrum has been chosen for a detailed study
of its width and structure as a function of temperature. Figure 28, spectrum
a, shows this line at room temperature (300 K) and Fig. 28, spectrum b, at
273 K. A lowering of the temperature yields two new lines up field. The
splitting between these neighbouring lines is 0.15 G. Next to every compo-
nent in the spectrum of Fig. 27 two such additional lines appear on lowering
the temperature. We attribute the tripling of the number of lines in the spec-
trum to the hyperfine interaction with the nitrogen nucleus of the second
NO; group of the anion.

To explain the transition from a system with a single line to a system
with two nitrogen hyperfine couplings the model illustrated in Fig. 29 is
used. Here each NO, group is considered to have its own H,O molecule avail-
able for hydrogen bonding. But at any instant only one of the two NO,
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Fig. 28. Low field lines of the ESR spectrum of the 3,5-DINA anion in H;O: at 300 K
(spectrum a) and 273 K (spectrum b). The anion of 3,5-DINA was generated in situ by
mixing a saturated solution of 3,5-DINA in H,O with a 0.1 M solution of sodium
dithionite in H,0 in a flow cell (mixing ratio, 12:1).

Fig. 29. Site exchange model for the hydrogen bonding of the NO, groups of the anion of

3,5-DINA. The negative charge of the anion becomes localized on the hydrogen-bonded
NO, group.

groups is hydrogen bonded, either at the 3 or the 5 position of the benzene
ring. This implies a fluctuation of the hyperfine splitting of the two nitrogen
atoms, since switching from one hydrogen bond to the other will modify the
spin density distribution over the molecule.

The model in Fig. 29 is a specific example of the ‘‘site exchange”’
model, generally used for the explanation of alternating linewidths in
magnetic resonance spectra [85, 86]. In our case we assume that by
hydrogen bonding of a given NO, group the spin density on its nitrogen
nucleus is increased and simultaneously decreased on the other nitrogen
nucleus. The hyperfine splittings of the two nitrogen nuclei then vary in
magnitude. They will be denoted by ay and ay’. The diagram of Fig. 30 gives
a schematic explanation of the pattern of lines and linewidths to be
expected. It is assumed that no nuclear spin transitions occur during the site
exchange. The diagram starts with ay > ay' and considers only the nitrogen
splittings. Each of the nine lines shown will yield a group of four lines when
the additional splitting of three equivalent hydrogen nuclei is taken into
account.

The position of the lines with respect to the central line as origin is
indicated in the diagram. It is seen that after interchange of ay and ay’
lines 1, 5 and 9 keep their original position, but lines 2 and 4, 6 and 8, and 3
and 7 interchange their positions pairwise. When the exchange frequency is
high compared with the difference in resonance frequency of the lines in a
pair, that pair will coalesce into a single line at the mean frequency. There-
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Fig. 30. Diagram for the nitrogen splitting in the ESR spectrum of the anion of 3,5-
DINA.

fore fast exchange is expected to lead to a spectrum with five groups of lines,
just as observed for the solution of the 3,5-DINA anion in CH;CN. At
intermediate exchange rates lines 2, 3, 4, 6, 7 and 8 will broaden and may
become too diffuse to be observable. Nevertheless lines 1, 5 and 9 will
remain sharp. Owing to the hydrogen splitting each of these lines breaks up
into four lines. Apparently this is realized for the solution of the anion in
H,0, as was shown in Fig. 27.

At a sufficiently low temperature the exchange rate will be lowered to
such an extent that the complete system of nine groups of four lines
becomes observable. The spectrum shown in part in Fig. 28 reveals the
reduction in the exchange rate. The small splitting of 0.15 G, due to the
second nitrogen nucleus, can now be observed. In the upper part of Fig. 28,
lines 2 and 3 are almost washed out owing to the increased rate of exchange.

The effects of site exchange on the widths and positions of the ESR
lines may be treated quantitatively by using the modified Bloch equations,
which allow for exchange between the two sites [85, 86]. In the limiting
case of slow exchange the following expression then holds for the transverse
relaxation time T',:

1 1 1
— e o — (43)
T2 T2 T
Here T, and T, apply respectively to the lines unaffected by exchange and
to the exchange-broadened lines and 7 is the mean time of residence on a
site. An estimate of 7 can be obtained by comparing the widths of the two
types of lines. The determination of the width of the unaffected line offers
no special problem; the width of the broadened line has to be estimated in
an indirect manner with the aid of the following expression [87]:

A 1/2
AH, = (—“) AH, (44)

b

Here AH is the width and A the amplitude of a line; b and u refer to the
broadened and unaffected lines. From eqns. (43) and (44)
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Au 1/2
T71=26 XIO“I%(—A_) — li AH, (45)

b

is obtained. For the anion of 3,5-DINA in H,O a value 7 = 1 X 107% is ob-
tained from eqgn. (45) and from a comparison with reported spectra of the
anion of 1,3-dinitrobenzene [87 - 89]. The ESR spectrum of the latter anion
reveals also two equivalent nitrogen nuclei in non-hydrogen-bonding solvents
and a site exchange of a hydrogen bond from one NO, group to the other in
hydrogen bonding solvents. The lifetime of the hydrogen bond was found to
vary from 1 X 10~¢ s, for the 1,3-dinitrobenzene anion in H,0, to 2 X10 %5,
when it was in a 80:20 (by volume) mixture of DMF:CH3CH,OH. These
lifetimes are nearly equal to those of the 3,5-DINA anion in the same
solvent.

4.2.2.2. Relation between anion and excited molecule. To explain the
asymmetrical charge distribution observed in the anions of 3,5-DINA and
other dinitrobenzenes and to understand the similarity between the behav-
iour of the anion and the excited molecule we consider their electronic struc-
ture. The asymmetrical charge distribution over the NO, groups can be de-
scribed with an MO, which is a linear combination of two n* MOs each de-
scribing a symmetrical charge distribution. The latter two MOs are indicated
as m;* and 7,* and have high electron densities on the NO, groups. The MO
Ty,a" given by

Tya® = ‘275(71’1*"’7&*) (46)

has a high electron density on one NO, group and a low density on the other
NO, group. The asymmetrical situation might be realized if the net energy
gained by hydrogen bond formation is larger than the energy needed to form
the asymmetrical charge distribution, i.e. if |Eyg , — Eyp sl > (Em* — Em*)/
2. Here Eygp , and Egp ¢ are the hydrogen bonding energies of the molecules
with an asymmetrical and a symmetrical charge distribution respectively. In
other words the ease with which an asymmetrical charge distribution can be
formed will depend on the magnitude of the gap between the energies of m,*
and 7,* for a particular nitro compound. It has indeed been observed for a
number of dinitro aromatic anions that the magnitude of this energy gap
determines whether asymmetrical structures can arise or not [88].

The relation between the anion and the excited charge transfer state
may be envisaged as follows. In a zero-order approximation we can say that
in both the anion and the excited state the ,* MO is occupied by a single
electron [83]. The difference between the two is the electron hole in orbital
Mo in the excited molecule. The orbital w, is mainly localized on the anisole
part of the molecule and orbital 7* is localized on the NO, groups. As far as
the charge distribution over the NO, groups is concerned we may expect that
the anion is a good model of the excited molecule. We thus expect that in
the excited molecule also hydrogen bonds will be formed between solvent
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TABLE 18

Electron density differences between the ground state and excited states (NO; groups
only) for 3,5-dinitroanisole and 3,5-dinitroanisole—H,0

Atom Electron density differences for the following states d;

1 2 3 4 5 6
3,5-DINA
N(1) 0.08 0.08 0.13 0.13 0.12 0.16
N(2) 0.08 0.08 0.12 0.13 0.11 0.17
O(1) —0.08 —0.07 —0.10 -0.03 0.07 0.09
0(2) —0.09 —0.11 —0.10 —0.03 0.07 0.09
0(3) —0.12 —0.09 —0.06 —0.14 0.06 0.10
O(4) —0.06 —0.09 —0.08 —0.16 0.06 0.10
3,5-DINA + H,0
N(1) 0.04 0.13 0.09 0.17 0.19 0.12
N(2} 0.12 0.04 0.19 0.07 0.05 0.19
O(1) —0.05 —0.01 0.03 —0.19 0.12 0.06
0(2) —0.06 —0.09 0.02 —0.26 0.11 0.06
0(3) —0.10 —0.10 —0.22 0.02 0.03 0.12
0O(4) —0.12 —0.06 —0.27 0.01 0.03 0.12

Atoms O(1) and O(2) are bound to atom N(1); atoms O(3) and O(4) are bound to atom
N(2).

molecules and the NO, groups, which will influence the charge distribution
in the same manner as in the anion.

No direct experimental evidence can be given for the occurrence of
such an asymmetrical charge distribution in the excited charge transfer state,
which is stabilized by hydrogen bonding. However, a CNDQO/S—CI calcula-
tion on the supermolecule 3,5-DINA-H,0 reveals indeed an asymmetry in
the charge distribution just as expected from the simple arguments given. A
length of 1.6 A has been used for the hydrogen bond [20]. The electron
density differences obtained from the calculation are given in Table 18. The
atom numbering in Fig. 31 has been used. It appears that the '®g(mgm,™)
state becomes strongly polarized by the hydrogen bond. All the electronic
charge (0.42 electron) which is transferred to both NO, groups in the excited
state, when no hydrogen bond is present, is now transferred to the NO,
group that is hydrogen bonded. The polarization effect on the excited state
is also reflected in the wavefunction describing this state. The 7#* MOs of
interest are given in Table 19. Here n,* and =, ,* are the virtual MOs used in
the leading singly excited configurations of the wavefunctions for 3,5-DINA
and 3,5-DINA-H,0 respectively. m,* is an MO just above m;* of 3,5-DINA. It
can be seen in Table 19 that 7, ,* is indeed a linear combination of m;* and
m,*, resembling (w,* — m,*)}/2Y/%. The calculated energy gap between m,* and
7,* amounts to 0.26 eV and therefore the net energy gain due to asym-
metrical hydrogen bonding must be larger than 0.13 eV (= 2.9 kecal mol™?),
which is not unreasonably high in view of the bonding energies involved.
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Fig. 31. Numbering of the atoms in Tables 18 and 19.

TABLE 19

Truncated wavefunctions and self-consistent field molecular orbitals of the charge
transfer mm* state of 3,5-dinitroanisole and 3,5-dinitroanisole—H, O (coefficients of the P,
atomic orbitals)

Atom P, coefficients for the following orbitals®
Tfl*. 7T2* Trl.a* (771*—172*)/2”2

N(1) +0.367 —0.397 +0.483 +0.54

N(2) —0.319 —0.428 —0.191 +0.07

o(l) —0.300 +0.309 —0.391 —0.43

0(2) —0.308 +0.309 —0.376 —0.43

0(3) +0.269 +0.336 0.168 0.05

0O(4) +0.264 +0.338 0.162 0.05

E (eV) —3.05 —2.79

Atoms O(1) and O(2) are bound to atom N(1); atoms O(3) and O(4) are bound to atom
N(2).
aldy = 0.885(m* < mo) + ... 3,6-DINA; *Ps = 0.875(m; z* < 7o) + ... 3,5-DINA + H,0.

Other indirect evidence for asymmetrical hydrogen bonding of excited
3,56-DINA follows from the comparison made in Table 20. There the lifetime
of the hydrogen bond deduced from the ESR linewidth measurements of the
3,5-DINA radical anion is compared with the lifetime of the triplet state of
the 3,5-DINA molecule. Later we shall show that the lifetime of the triplet
state in the hydrogen bonding solvents is primarily determined by the rate of
dissociation of the hydrogen bond between the excited molecule and the
solvent. The mixed solvent systems H,O—DMF and H,O—-CH,CN used in the
two experiments are so chosen that they have comparable H,O concentra-
tions. The lifetimes of the ionic and molecular species prove to be nearly
equal in pure H,O and show the same sensitivity to addition of a non-
hydrogen-bonding solvent. Therefore we conclude that the anion is very
similar to the excited state with respect to the charge distribution, especially
on the NO, groups. This means that hydrogen bonding of the excited 3,5-
DINA molecule at an NO; group leads to a polarization of the charge
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TABLE 20

Solvent Lifetime of the hydrogen bonds (s)
3,5-DINA anion 3,5-DINA triplet

H,0 ~1x107% 3.5x10°6

H,O0:DMF (20:80) [87] 2x10~* —

H;0:CH3CN (xp,0 = 0-2) — 2 x1077

distribution and localization of the charge on the bonded NO, group.
Because of the amount of charge involved (0.42 electron) we expect these
hydrogen bonds to be rather strong [70, 90].

4.3. Decay of hydrogen-bonded triplet states of nitroanisoles

4.3.1. Kinetic scheme for the decay of the lowest triplet state

In the preceding sections we have established that 3,5-DINA when dis-
solved in a hydrogen bonding solvent is probably not hydrogen bonded and
that hydrogen bonding takes place between 3,5-DINA in its lwm™ charge
transfer state and the solvent. It is therefore logical to enquire whether dis-
sociation of the hydrogen bonds plays an important role in the relaxation of
the triplet state of 3,5-DINA.

The kinetic scheme for describing the decay of T, is given in Fig. 32(a).
It involves the hydrogen-bonded and non-hydrogen-bonded triplet state of
3,5-DINA and its electronic ground state. The solution of the kinetic equa-
tions of this scheme is given at the end of this section. The scheme of Fig.
32(a) can be reduced to the simple two-step decay model of Fig. 32(b) for
the following reasons. After excitation of 3,5-DINA dissolved in solvent sys-
tems with a high concentration of hydrogen bonding molecules, mainly
hydrogen-bonded triplet states are formed via the route S; > S; yg—> Ty, us-
This leads to the initial conditions Cq (t =0) and Crp, L.(t = 0) =Cy. We
have shown that the rate of decay of the non-hydrogen-bonded triplet state
To, i.e. dnm*, in CH;CN-H,O mixtures is approximately equal to that of T,
in CH3;CN. Therefore we may take k3~ 10° s”!. In contrast, we made it
plausible that the rate of reaction between the 3nw* state T and a hydrogen
bonding molecule is very low, i.e. B, € k3. The lifetime of the transient
absorption T, + Ty yp is generally longer than 50 ns for 3,5-DINA in
hydrogen bonding solvents. This means that k&, and k4 are less than or equal

To =——= To.ue

-2
ka T T s
O ,HB o o]
%\ »Aa kz ks
So

nn® nt™

(a) (b)

Fig. 32. (a) Complete kinetic scheme describing the formation and decay of the
hydrogen-bonded triplet state of 3,5-DINA; (b) simplified scheme for the decay of the
hydrogen-bonded triplet state of 3,5-DINA.
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to 2 X107 s! and that k; is very much greater than k, and k4. Later it will
appear that 2, > k, applies in the present situation. If the above conditions
are valid then the decay of Ty, gy is described by the two-step process, in
which the dissociation reaction is the rate-limiting step. The lifetime of
To, up is then given by 7 = k, !, and the temperature dependence is deter-
mined by the temperature dependence of k,.

4.3.2. The triplet state of 3,5-dinitroanisole in alcohols and H,0O

The temperature dependence of the triplet lifetime 7, has been deter-
mined in the solvents HFP-2, TFE, CH;OH and H,0. All oxygen was
removed from the solvents by repeated degassing or by flushing with argon.
In all cases a monoexponential decay is observed. The Arrhenius plots k¢ =
A exp(—E,/RT) are shown in Figs. 33 and 34. The parameters A and E, are
given in Table 21 together with the activation entropy calculated according
to egn. (58). Table 21 shows that the activation energy increases in the order
CH3;0H < TFE < HFP-2. This is exactly the order in which the strength of a
hydrogen bond between these alcohol molecules and any hydrogen bond
acceptor increases [76, 77]. The rather high values of E, indicate a strong
hydrogen bond, which is expected for a hydrogen bond to a negatively
charged NO, group [9]. The trend in E, strongly supports the idea that dis-
sociation of the hydrogen bonds is indeed the rate-limiting step in the decay
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Fig. 33. Arrhenius behaviour of the inverse of the triplet lifetime of 3,5-DINA in CH;OH.

Fig. 34. Arrhenius behaviour of the inverse of the triplet lifetime of 3,5-DINA in H,0O
(©), HFP-2 (A) and TFE (+).
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TABLE 21

Arrhenius parameters for the inverse of the triplet lifetime of 3,5-dinitroanisole

Solvent A E (AS°Yy*

a
(s~ (kd mol™1) (Jmol™1K™1)
HFP-2 4.3 x1013 50.4 +7.8
TFE 2.9 x1013 36.1 +4.5
CH;0H 1.2x1013 22.7 —2.8
H,0 4.8 x10H1 36.1 —29.7

process of the triplet state. In going from HFP-2 to H,O the activation
entropy decreases considerably as can be seen in Table 21. An explanation of
this phenomenon may be found by taking the self-association of the solvents
into account. It is known that liquid H,O shows a considerable structure
owing to its strong self-association [91]. H,O molecules can participate in
three hydrogen bonds simultaneously and so three-dimensional structures
may be formed in the liquid. This structure is very sensitive to addition of
other solvents, which may destroy or enhance the structure. For instance,
small amounts of tfert-butanol promote solvent structure whereas 1,4-
dioxane destroys it [91, 92]. If an excited molecule forms hydrogen bonds
with H,O molecules, these H,O molecules can no longer participate in an
ordered structure, which may exist near the solute or even around a hydro-
phobic part of it [87]. Therefore it is quite conceivable that the process of
dissociation of hydrogen bonds between solute and solvent molecules would
be accompanied by the simultaneous formation of a more structured region
near or around the solute. Under such circumstances the dissociation process
may well have a negative entropy of activation. In alcohols a similar effect
may be present although the degree of self-association here is less pro-
nounced because an alcohol molecule can only participate in two hydrogen
bonds simultaneously. In the series CH3;OH, TFE and HFP-2 it has been
established by IR studies that the self-association diminishes in going from
CH,OH to HFP-2 [76]. This is the same order in which (AS®)* decreases. The
magnitude of the pre-exponential factor for the less self-associating solvents
is close to the theoretical value kgT/h = 1.7 X 10'® s71. Pre-exponential
factors of this magnitude have often been observed for dissociation reactions
in solution at room temperature [92].

4.3.3. The triplet state of 3,5-dinitroanisole in 1,4-dioxane—H,0O

mixtures

We studied the temperature dependence of the triplet lifetime in
solvent mixtures of 1,4-dioxane and H,O to obtain more insight into the
changes in the entropy of activation and the activation energy induced by
alternation of the solvent composition. Mixtures of 1,4-dioxane and H,O
with a mole fraction around 0.9 were chosen because it is known that the
association behaviour of the H,0O molecules changes dramatically in the
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TABLE 22

Arrhenius parameters for the inverse of the triplet lifetime of 3,5-dinitroanisole in 1,4-
dioxane—H,;0 mixtures and the triplet lifetime at 20 °C

XH,0 In A E, (AS°)* Ttriplet?0 °c
(kJ mol™1) (Jmol 1K1 (ns)

0.85 25.58 £ 0.51 228+ 1.4 —40.5 4.3 70

0.90 25.34 £ 0.26 24.8+ 0.7 —425*22 215

0.95 25.21 £0.31 27.7120.8 —43.6* 2.6 800

vicinity of this value [92]. This change in association behaviour is also
obvious from the change in triplet lifetime of 3,5-DINA illustrated in Table
22. The values of A, E, and (AS°)* were derived from the Arrhenius plots
shown in Fig. 35. From Table 22 we may conclude that addition of 1,4-
dioxane to H,O leads to a slight increase in (AS°)' and simultaneously to a
decrease in E,. Both effects shorten the triplet lifetime with increasing 1,4-
dioxane content of the solvent.

It is interesting to compare the behaviour of the triplet lifetime of 3,5-
DINA with the behaviour of the fluorescence quantum yield of acridine in
the 1,4-dioxane—H,0 solvent mixtures. It has been shown that the dissocia-
tion process of the hydrogen bond between a solvent molecule and the
excited acridine molecule may quench the fluorescence of acridine [93]. If
we compare the activation energy and entropy of the two processes we
observe a decrease in activation energy with about the same percentage for
both molecules when the mole fraction of 1,4-dioxane is increased. Also the
pre-exponential factor increases in both cases. In acridine there is only one
site available for hydrogen bonding, namely the nitrogen lone pair. Therefore
the observed decrease in E, with increasing 1,4-dioxane concentration can-
not result from a reduction in the number of hydrogen bonds. Probably it
results from a smaller interaction between the H,O molecule bonded to the
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Fig. 35. Arrhenius behaviour of the inverse of the triplet lifetime of 3,5-DINA in 1,4-
dioxane-H,0O mixtures: &, XH,0= 0.95;4, xg,0=0.90;0, Xu,0 = 0.85.
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acridine molecule and the other H,O molecules. The same may be the case
for 3,5-DINA where we expect that also only one strong hydrogen bond is
formed between one NO, group and an H,O molecule.

4.3.4. The triplet state of 3,5-dinitroanisole in CH;CN-H ,0 mixtures

The triplet lifetime of 3,5-DINA in CH3CN-H,O mixtures varies in the
range 10 ns < 7 < 3.5 us when the solvent composition [11] varies in the
mole fraction range 0.6 < xyu,0 < 1.0. With the aid of picosecond kinetic
measurements we have now been able to determine the triplet lifetime in
solvent systems with xp. o < 0.6. For the actual experiment we took a mix-
ture in which the mole fraction of H,O is 0.2, because analyses of the triplet
population kinetics indicate that in such a system already a large part of the
triplet states is hydrogen bonded. Figure 36 shows the exponential decay
curve obtained for 3,5-DINA in CH;CN-H,O with X310 = 0.2. The triplet
lifetimes derived from these decay curves are 789 ps and 1.8 ns, which are
again lifetime enhancements due to hydrogen bonding. Figure 37 now dis-
plays the triplet lifetime as a function of the solvent composition over the
full range. The triplet lifetime is seen to depend in a complicated way on
Xu,o - In the range 0 < xu,0 < 0.5 we observe a change in Tyspe¢ by approx-
imately a factor of 10, whereas in the range of 0.5 < xu,o < 1.0 it changes
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Fig. 36. Decay of the triplet —triplet absorption of 3,5-DINA in a CH3CN-H,0 mixture
with Xg.0 = 0.2 measured with the picosecond spectrometer (A, = 430 nm; Ao = 353
nm; T = f8+o0.1 ns).

Fig. 37. Variation in the triplet lifetime of 3,5-DINA in CH3CN—H;0 mixtures.
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by a factor of 1000. At this moment we have no data on the temperature
dependence of 7in the CH3;CN-H,O systems and we are not able to pinpoint
the exact cause of the lifetime variations. However, the strong variation in 7
in the range 0.5 < Xy,0 < 1.0 is probably caused in the same manner as we
have already seen in 1,4-dioxane-H,0O mixtures. We again expect both
(AS®)* and E, to change because 1,4-dioxane and CH;CN have a similar
influence on the solvent structure. For a large excess of CH;CN, in the
CH3;CN-H,O mixture there will be little or no H,O structure left and the pre-
exponential factor will then come close to 1.7 X 10!3 s, With a value E of
25.2 kJ mol™! this yields a lifetime of 1.8 ns, close to what we observe for
the solution with X o = 0.2. This means that a change in the pre-exponential
factor from about 1 X102 to 1.7 X103 57!, due to the collapsing H,O struc-
ture in going from Xy,0 = 0.6 to Xp,0 = 0.0, may fully account for the ob-
served decrease in triplet lifetime.

4.3.5. The triplet state of 3-nitroanisole

For 3-NA the temperature dependence of the triplet lifetime has been
determined in CH;CH,OH and CH;CN. In contrast with 3,5-DINA a long-
lived triplet can be observed in CH,;CN. Apparently the triplet state has
already wn* character here. From the plots shown in Fig. 38 we derive the
parameters given in Table 23. Again we observe a relatively low pre-
exponential factor in the hydrogen bonding solvent and a pre-exponential
factor near the theoretical value in the non-associating CH;CN. The activa-
tion energies in this case probably reflect not only the stabilization due to
hydrogen bonding or dipole—dipole interactions of the charge transfer state
but also the energy separation between the 3n7* and 377* state.
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Fig. 38. Arrhenius behaviour of the inverse of the triplet lifetime of 3-NA in CH,CN (@)
and in CH3CH,0H (4).

4.3.6. Mathematical treatment of the kinetics for the decay of T, un

The concentration of triplet states Ty as a function of time is given by
a(t), and of Ty »gg by b(t). The differential equations describing the kinetic
scheme in Fig. 32(a) are
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TABLE 23
Arrhenius parameters for the inverse of the triplet lifetime of 3-nitroanisole

Solvent A E,
s 1) (kd mol™ 1)

CH;CN 4.3 x10U! 28.6
CH3;CH,0H 1.6 x1013 31.5
da(t)

ar —(ky + k3)a(t) + kyb(t) (47)
with a(0)} = 0 and
db(t)

rrani kia(t) — (k2 + k4)b(2) (48)
with 5(0) = C,. A Laplace transformation of eqgns. (47) and (48) yields

k,C

A(s)= 2-0 (49)

kRik,— (s +k;+k3)(s+k; +Eky)
(s +ky+Ek3)A(s)

B(s) = 50
(s) " (50)
The back transformation of egns. (49) and (50) then yields
Cok,
a(t) = —— {exp(—7:t) — exp(—7,t)} (51)
Y2 "1
Co
b(t) = — {(ky + k3 — ;) exp(—7yt) — (ky + k3 —7;) exp(—7,t)}  (52)
2 1
Here
1

v1= —(ky + Ry v hy +ka)— {(ky +ky + k3 +ky)?— d(R kgt kaky + k3ks)}!/?
(53)
Ya=—(kythy+hy+Rky)+{(ky+h,+ky+ky)?—A(kiky+ kyks+ kika)}/?

[\

Do+

With substitution of the actual values of the rate constants in egn. (53) it
follows that v, > ¥y, and thus

a(t) = 0
b(t) =~ Co exp(—y2t)

4.3.7. The theory used to interpret the temperature dependence of the

decay rate constant

The empirical expression for the temperature dependence of a reaction
rate constant is given by the Arrhenius equation
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E
E=A — _._‘_L) 54
exp( RT (54)

According to the transition state theory the reaction rate constant can be
expressed as

A
oyF
= FeT expi—(A}(:T) } (55)
or
_ keT (AS°)* __(AH®)?
k= — exp; % exp; 7 § (56)

in which kg represents the Boltzmann constant, 2 is Planck’s constant and
K* is the equilibrium constant of the reactants and the transition state.
(AG®)* is the standard free activation energy and (AS °)* and (AH®)* are the
standard free activation entropy and enthalpy respectively. From eqgns. (1)
and (3) it follows that

p o 273ksT %(AS°)*£ ( Ea)
= 2-1°fB8l | exp | —
n P *P\7RT

(57)

Therefore we can directly derive the standard activation entropy from the
pre-exponential factor, namely

(AS°)* =8.3143(In A — 30.4575) (58)

4.3.8. Concluding remarks concerning hydrogen bonding and excited

state lifetimes

Summarizing, we can say that the dissociation of the hydrogen bond
between 3,5-DINA in its lowest triplet state and a solvent molecule is in
most cases the rate-determining step in the decay of the triplet state to the
ground state. The large variations in the triplet lifetime as a function of tem-
perature and solvent composition can be explained by the variation in the
rate of dissociation of the hydrogen bond. The magnitude of the activation
energy correlates well with expected hydrogen bond strengths but it also
depends on solvent—solvent interactions. The magnitude of the activation
entropy seems to be determined mainly by solvent-solvent interactions.
Both factors are about of equal importance in the lifetime enhancement of
the triplet state of 3,5-DINA in hydrogen bonding solvents. It is expected
that the above effects are quite general in determining the stability of
excited state complexes and may explain numerous temperature and solvent
effects on excited state lifetimes such as those discussed by Huber et al
[94], Martin [95], Capellos and Suryanarayanan [96] and Bowen et al. [93].
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