J. Phys. Chem. R005,109,11213-11223 11213

Photoproduct Formation with 4-Aminobenzonitriles in Acetonitrile and Its Effect on
Photophysical Measurements

Introduction

In contrast to the large number of studies on the photophysical
and excited state properties of 4-(dimethylamino)benzonitrile
(DMABN), 7 the possible formation of photoproducts with this
molecule has received considerably less attention. This is
somewhat surprising, as already in the first publications on the
dual fluorescence of 4-(dialkylamino)benzonitriles the photo-
degradation of DMABN and 4-(diethylamino)benzonitrile
(DEABN) in a polar solvent (not indicated, probably ethanol)
was discusset? It was concluded that the photoproduct of these
aminobenzonitriles was formed by subtraction of a substituent,
without further discussion of its identity. The fluorescence
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Upon photoexcitation of 4-(dimethylamino)benzonitrile (DMABN) in the polar solvent acetonitrile (MeCN),

a methyl group is subtracted from the dimethylamino substituent, producing 4-(methylamino)benzonitrile
(MABN). The fluorescence of this photoproduct MABN occurs in the same spectral range as that of the
locally excited (LE) state of DMABN. As DMABN undergoes efficient fluorescence quenching in MeCN,
leading to a decrease of the LE fluorescence yield by a factor of 290°&,28hereas MABN is not quenched

at all, even small amounts of this photoproduct strongly increase the apparent contribution of the LE emission
to the total dual fluorescence spectrum of DMABN. As a further consequence of the photoproduct formation,
the nanosecond decay time, in the double-exponential LE fluorescence decay of DMABN in MeCN increases

in relative intensity as compared to its picosecond counterparas the fluorescence lifetime of MABN is

similar to ther; decay time of DMABN. The presence of the photoproduct MABN therefore can lead to a
misinterpretation of the kinetic data derived from photostationary and time-resolved fluorescence experiments
with DMABN in polar solvents. Photoproducts are also observed witN-gy(rrolidinyl)aminobenzonitrile

(P5C) and 44{-piperidinyl)aminobenzonitrile (P6C) in MeCN. In the case of P5C, 4-cyidsaihenylpyrrole

(PP4C) is the main product, whereas photolysis of P6C produces 4-aminobenzonitrile (ABN), among other
photoproducts. This photodegradation, leading to the appearance of multiexponential decays, likewise has a
negative influence on the ICT and LE fluorescence spectra and fluorescence decays of P6C and P5C, again
impairing the validity of the kinetic analysis of these data. The isosbestic (absorption) and isoemission
(fluorescence) points encountered in the spectra of DMABN and P6C during photoirradiation indicate that at
least one photoproduct is formed.

With DMABN and several other derivatives df,N-di-
methyaniline (DMA) undergoing an excited state reaction with
electron acceptor molecules such as 3-chloronitrobenzene,
demethylation of theN(Me), group takes place; that is,
4-(methylamino)benzonitrile (MABN) is generated in the case
of DMABN. 011 For photoexcited DMABN solutions without
additives, reports on the formation of MABN are not found in
the literature, however. Oxidatié-demethylation of DMABN
in the dark was observed in reactions mimicking the enzymatic
action of cytochrome P-456.DMABN in the electronic ground
state is also demethylat€doy mice and rats, with the cyano
group remaining intact during the metabolism.

spectrum of the photolysis product was assumed to be similar In all of these reactions, in the dark as well as after
to that of the locally excited (LE) state of DMABN and photoexcitation to the Sstate, it is assumed that MABN is

DEABN, without an emission from an intramolecular charge produced by the cleavage of a methyl group from the positively
transfer (ICT) state, as the photoproducts caused a substantiatharged dimethylamino group, followed by hydrogen abstrac-
decrease of the ICT-to-LE fluorescence quantum yield ratio, tion. The positive charge on the NMgroup of the DMA
@'(ICT)/®(LE).! Prolonged irradiation was found to have the derivatives acting as electron donors (D) is thought to arise from
same apparent effect o®'(ICT)/®(LE) as cooling a fresh an electron transfer reaction with an electron acceptor (A)
solution of DMABN at low temperaturésThis temperature ~ moleculel®13 resulting in a charge transfer complex(®™")
effect, in the absence of photodegradation, mainly comes from as the precursor. Different from the assumption discussed until
the slowing down of the LE~ ICT reaction upon lowering the  now that MABN is formed upon photolysis of DMABN, it has
temperaturé. recently been concluded that singlet excited DMABN in
acetonitrile (MeCN) loses its cyano substituent and forms
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of dual (LE + ICT) fluorescent molecules such as DMABN. In the case of P51 g ofthis substance in 200 mL of MeCN
Especially in the case of polar aprotic (MeCN) or protic was irradiated for 150 h. After chromatography of the photo-
(methanol or ethanol) solvents, the LE emission is strongly lyzed material (0.9 g, on silica with 1/1 cyclohexane/toluene as
quenched. For DMABN in MeCN at 25C, for example, an the eluent), three fractions were obtained: (I) 66 mg of 4-cyano-
unquenched-to-quenched fluorescence quantum vyield ratio,N-phenylpyrrole (PP4C), (II) 158 mg of a mixture of PP4C and
®o(LE)/®(LE), of around 300 is observed for the LE emissfon. P5C, and (Ill) 266 mg of P5C. A gas chromatogram of the
This pronounced LE quenching is the cause of the large increasesolution directly after photolysis showed the presence of two
of the effective contribution of even minor amounts of fluo- main substances: PP4C and P5C (major component). A small
rescent photoproducts to the overall fluorescence intensity in amount of ABN could also be detected. The identity of PP4CN
the spectral range of the LE emission band of DMABN. For in fraction | was established B4 NMR and mass spectrometry
this reason, unless special care is taken, the apparent raticas well as by fluorescence and absorption spectra (see below).
®'(ICT)/P(LE) (and similarly ®o(LE)/®(LE)) can be much Controlled Photodecomposition.n the photodecomposition
smaller than the photophysically correct value. This would, for experiments, the solutions §Nubbled) were irradiated with
example, make one believe that the IETLE back reactionis  the excitation light of the Fluoromax 3 spectrofluorometer (slit
much faster than it actually is. As a consequence, also the ICTwidth 10 nm): 277 nm for DMABN in MeCN and EtOH and
(free) enthalpy differencesAG and—AH calculated from such 285 nm for P6C in MeCN. The incident light intensity (45
experiments will appear to be much smaller than their true 10 photons/s at 277 nm and 4:x7 10'° photons/s at 285 nm)
values. Similarly, the presence of a photoproduct will lead to a was measured by employing a Coherent FieldMaster power
decrease of the relative amplitude of the short (picosecond) meter with an LM-2UV head, having a flat spectral absorption
decay time in the double exponential LE fluorescence decay profile. For the calculation of the decomposition quantum yields
curves®1516To clarify this situation and to establish the identity during the irradiation experiments on the Fluoromax 3 spec-
of the photoproduct of DMABN in MeCN, the present inves- trofluorometer, fluorescence spectra were measured with a much
tigations were undertaken. lower excitation intensity at 277 and 285 nm (1.0 104
photons/s, slit width 1.5 nm) than that used for the photolysis.

. TheH and3C NMR spectra were measured with a Varian
DMABN was purchased from Aldrich and was used as pjty-300 or Gemini-300%H) spectrometer. The fluorescence
received.’ 4-(N-Pyrrolidinyl)aminobenzonitrile (P5C) and AK spectra were measured with quantum-corrected ISA-SPEX

piperidinyl)aminobenzonitrile (P6C) were synthesized in a Fluorolog 3-22 or Fluoromax 3 (modified) spectrofluorom-
reaction between pyrrolidine (for P5C) or piperidine (for P6C) aters. The absorption spectra were run on a Cary 500 spec-
and 4-fluorobenzonitrile (Aldrich)_ in dimethyl sqlfoxide (D.MSO) trometer. The fluorescence decay times were obtained with a
at 90 °C, a procedure described in the literattitefinal picosecond laser system (excitation wavelength 276 nm)
purification of both compounds was carried out by high pressure consisting of a mode-locked titaniursapphire laser (Coherent,
liquid chromatography (HPLC). The solvents acetonitrile (MeCN), niRA 900F) pumped by an argon ion laser (Coherent, Innova
ethyl alcohol (EtOH), and-hexane from Merck (Uvasol) were 415y or with a setup consisting of an argon ion laser (Coherent
used as received. ] ) Innova Sabre R-TSM-10 with APE modelocker), a dye laser
DMABN Photolysis. A solution d 1 g of DMABN in 200 (Coherent 701-1CD; rhodamine 6G), and a frequency doubler
mL of MeCN in a cylindric quartz container (3.4 cm diameter, (ggo, 298 nm). These laser systems and the analysis procedure
20 cm length) was irradiated in a Rayonet RPR 100 photo- f the fluorescence decays have been described previbifsly.

chemical reactor (16 lamps G8TS5 (Philips), 254 nm) for 36 h e instrument response function of the laser SPC systems has
under continuous nitrogen bubbling. The solvent was removed g f| width at half-maximum of 19 ps (MIRA) or 26 ps (dye
by using a rotary evaporator, and the solid material (800 mg) laser):17.20

was chromatographed over /8l; with diethyl ether (Merck,
_Uvasol) as the eluent. The f_irst a_malysis of the different fractions Results and Discussion
isolated from the photolysis mixture was performed by mass
spectroscopy, leading to three fractions: fraction | (500 mg, Photoproduct MABN from Photolysis of DMABN in
the recovered starting material DMABN with a very small MeCN. The photoproduct in fraction Il obtained after the
amount of the photoproduct MABN), the intermediate fraction photolysis of DMABN in MeCN (see the Experimental Section)
Il (164 mg, a mixture of DMABN and some MABN), and could be identified as MABN. This identification is based on
fraction Il (102 mg, mainly the photoproduct MABN and a the!H NMR spectrum in CDG(7.24 ppm), with the following
small amount of DMABN). The identity of the molecules results: IH NMR (300 MHz, in ppm): 2.81 (s, NCHy), 4.40
(MABN and DMABN) in the fractions was established Bt (s, broad, NH), 6.51 (d, H3] = 8.8 Hz), 7.36 (d, H2) = 8.8
NMR as well as by fluorescence and absorption spectra (seeHz) 52! The same!H NMR spectrum was obtained with an
below). authentic sample of MABN. This identification is supported by
P6C and P5C Photolysis.Similar photolysis experiments  the observation that, upon adding pure MABN to the;CD
were carried out with P6C and P5C in MeCN. From a solution solution of fraction Ill, the NMR signals attributed to MABN
of 1 g of P6C in 200 mL oMeCN, after 135 h of irradiation,  did increase in intensity, without a change in the chemical shifts.
a fraction (II) of 16 mg (mainly 4-aminobenzonitrile (ABN)) By way of an analysis of the integrated areas for theQiH;
was recovered after chromatography on silica (diethyl ether assignal in thelH NMR spectra, it was established that fraction
the eluent), next to 537 mg of unchanged P6C (I) and 64 mg Ill mainly consists of MABN, with 17 mol % DMABN. By a
(1M of a complex reaction mixture (not analyzed). After an similar analysis, it was found that the intermediate fraction Il
irradiation of 50 h, only P6C and ABN (smaller component) contains 7 mol % MABN, next to the major component
were detected by gas chromatography. The identity of ABN DMABN. Evidence for other photodegradation products, such
(around 65%) in fraction I, not showing a simplel NMR asN,N-dimethylaniline (DMA) reported as the photoproduct in
spectrum, was established B3C NMR in a comparison with the literaturet* could not be obtained from the NMR spectra of
an authentic ABN sample. the solid material obtained after the photoirradiation. A

Experimental Section
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A[nm] absorption spectrum of DMA, however, is clearly different from
900 700 500 400 300 the spectra of MABN and DMABN, with the main band peaking
Rl s R AR R, ‘ ] at 39 430 cmit and a weaker band peaking around 33 300%cm
I @ A search for DMA (at levels of around 1%) can hence not be
L MeCN 1 carried out on the basis of its fluorescence spectrum but must
25°C

Fluorescence Intensity

Absorbance

rely on the absorption spectrum and the NMR data, as discussed
in the first part of this section. The fluorescence spectrum of
fraction | (recovered DMABN with some MABN) has an
ICT/LE fluorescence quantum yield rati®'(ICT)/®(LE), of
13. The presence of MABN in this fraction has reduced the
ratio @'(ICT)/®(LE) as compared with the value of 39.5 for
pure DMABN in MeCN?

Irradiation of concentrated solutions (34102 M) of 1 g
of DMABN in 200 mL of ethanol as well as in 200 mL of
methanol, under the same experimental conditions as those used
for the irradiation of DMABN described above, did not result

in any appreciable photoproduct formation. See below (Figure
3b) for the behavior of diluted solutions.

Photoproduct ABN from Photolysis of P6C in MeCN.The
small fraction Il of the photolysis material obtained with P6C
contains around 65% ABN, as estimated from a comparison of
its 13C NMR spectrum and that of a pure ABN sample; see the
Experimental Section. Fluorescence and absorption spectra
identical to those of ABN were obtained after separation of
fraction Il into its components by HPLC. Although only a small
Figure 1. Normalized fluorescence (LE and ICT) and absorption (ABS) amount of ABN is produced by the photolysis, a large impact
spectra in acetonitrile (MeCN) at Z&. In part a, the spectra fortwo  on the fluorescence spectrum and decays nevertheless occurs,
of the fractions obtained_after phoFonsis (Rayonet PR_PlOO) at 254 nm pecause of the strong quenching of the P6C fluorescence in
g‘; r?zgrcl)i?r(i:lgn(tlgal\}li\dBlfl?I:lajrtleoge(lict%(;nRzeodo fgtzioc;{ Iﬁ‘r(#gi?]?thcﬁﬁ;?;‘iﬁ)' MeCN, similar to the situation with DMABN discussed in the
of the photoproduct 4-(met$1ylamino)b'enzonitrile (MAI%/N); greer?, previous SeCtlor]' In MeCN at 2%, ©(LE) - 0'0015 for P6C,
fraction | with DMABN (see text). In part b, spectra of pure solutions &S compared with 0.000 76 for DMABRWith P5C in MeCN,
of DMABN (green), MABN (red), and\,N-dimethylaniline (DMA) the fluorescence quenching is somewhat smakkfLE) =
(blue) are presented. The fluorescence spectra consist of emissions fron.0021), leading to a similar influence of photoproducts as in
an intramolecular charge transfer (ICT) state (DMABN) and from a the case of DMABN and P6C; see beld%t®

locally excited (LE) state (DMABN, MABN, and DMA). In part b, . -
the fI)l/Jorescencfe s)pectrun(1 of DMA is not shown, ag it pFr)acticaIIy Pf;otoproduct PPAC from P_hotonS|s of PSC n MeCN._
completely overlaps with that of MABN; see Supporting Information 1€ *H NMR spectrum of fraction | of the photolysis material
Figure 18S. of P5C in MeCN (see Experimetal Section), containing only
one compound, is identical to that of a sample of pure PP4C:
GC/MS analysis of the reaction solution just after the photolysis (300 MHz, CDC4, in ppm) 6.413 (m, H9), 7.144 (m, H8), 7.49
likewise only revealed the presence of MABN and DMABN, (M, H2), 7.73 (m, H3). This identification is fully supported by
as also found from the absorption spectrum of the photolysis @ comparison of the fluorescence and absorption spectra of
solution (see Figure 1). It is therefore concluded that MABN is fraction | and PP4C im-hexane and MeCN (Figure 2.
the major photoproduct formed upon excitation at 254 nm of Fraction Il consists of pure, not photolyzed, P5C.
DMABN in MeCN at room temperature. Fluorescence and Absorption Spectra of DMABN in
The same conclusion comes from inspection of the fluores- MeCN. In Figure 3a, the development of the fluorescence
cence and absorption spectra of fractions | and llI; see Figure spectrum of a dilute (1.% 10°° M) solution of DMABN in
la. The absorption spectrum of fraction Ill (MABN with 17% MeCN at 25°C with increasing duration of the irradiation at
DMABN) is red-shifted as compared with that of MABN due 285 nm is shown. The fluorescence intensity of the band with
to the presence of DMABN. The fluorescence spectrum of this a maximum around 28 650 crhincreases, with a simultaneous
fraction, however, shows only a weak additional fluorescence decrease in intensity of the ICT emission ba@@3{(ICT) =
around 20000 cm due to the contribution of the ICT 20310 cnTd). Simultaneously, corresponding changes in the
fluorescence of DMABN (Figure 1). This small influence of absorption spectra occur; see Figure 3a. As discussed in the
17% DMABN is caused by the strong fluorescence quenching previous section, the apparent increase of the LE fluorescence
of DMABN in MeCN, due to efficient intramolecular charge intensity and decrease of the ICT emission is caused by the
transfer (ICT), with an unquenched-to-quenched LE fluorescenceformation of the photoproduct MABN, with a band maximum
guantum yield ratio ®o(LE)/®(LE), of 290 at 25°C.° The M (LE) at 28 670 cmt, not very strongly shifted to larger
photoproduct MABN, in contrast to DMABN, does not undergo wavenumbers as compared to that (27 700%rof the LE band
an ICT reaction, so that the LE emission of DMABN in the of DMABN; see Figure 1b. This relatively small difference in
overall photostationary fluorescence spectrum of fraction Ill is ¥ (LE) does not prevent the appearance of an isoemission as
reduced by just this factobo(LE)/®(LE). It is of interest to well as an isosbestic pof#t3! at 23 170 and 36 000 cm,
note here that the fluorescence spectrum of DMA in MeCN is respectively (Figure 3a). The observation of such points has
practically identical to that of MABN (see Supporting Informa- been considered to be an indication of the presence of only two
tion Figure 1S), making the detection of DMA in the fluores- emitting excited states (LE and IC¥)This will be discussed
cence spectra of the photoirradiation fractions difficult. The in the next section.

DMABN
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at 25°C. The red spectra of fraction | in parts a and c are identical to those of PP4C in parts b and d, whereas the spectra (blue) of fraction IIl are

the same as those of P5C.

71000 cm™]

Figure 2. Normalized fluorescence (FLU) and absorption (ABS) spectra of fractions | and Il obtained after photolysibl-pfy#elidinyl)-
aminobenzonitrile (P5C) (at 254 nm, see text) in a comparison with those of 4-&tahenylpyrrole (PP4C), in-hexane and acetonitrile (MeCN)

A similar irradiation experiment (Figure 3b) carried out with
a diluted solution (3x 107> M) of DMABN in ethanol, same
concentration as that for DMABN in MeCN, resulted in
practically identical spectral changes with irradiation time. It is
quite surprising, in this connection, that irradiation of a
concentrated solution (3.4 1072 M) of DMABN in ethanol
did not produce appreciable amounts of a photoproduct, as

mentioned above.

For P6C (Figure 3c) in MeCN at 25, a similar influence

of irradiation time on the LE and ICT fluorescence bands and

on the absorption spectrum is observed, likewise with isoemis-
sion and isosbestic point%:3! Also, for P6C, a photoproduct

fluorescence is observed in the spectral region of the LE
emission, accompanied by a decrease in intensity of the ICT

fluorescence band.

Photophysical Significance of Isosbestic and Isoemission
Points. For the three sets of absorption spectra in Figure 3, an
isosbestic (or isoabsorption) paifit?® is observed. In general,
this signifies that at the wavelengtfisb) of this point a linear
relation exists between the extinction coefficients of the reactant an isosbestic point is then obtained:
(DMABN or P6C) and all (photo)products, with the sum of the
optical densities remaining constant (ec?4Yhe observation

of such an isosbestic point does not necessarily mean, however,

that only two molecular species are involved in the reaction
under investigation, contrary to what can be found in the \when in the present case of DMABN only one photoproduct

literature3:31

For a reaction with the stoichiometric coefficients

n
A= ) o

the optical density at wavelengthis

)

n

D) = Zlfi(/l)ci )

where the concentratio@; = [Aj], with extinction coefficient
€j.
It follows (eq 3) from eq 1 foi = 2, 3, ... ,n that

G

3_C1 = —1/(7i

®3)

Hence, eq 4 holds at the isosbestic point, where the optical
density is per definition independent of the composition of the
solution.

8D(/1)_ n X o
iC, = ;Ei( )8_(31—

From egs 3 and 4, the following condition for the existence of

(4)

n

6() = ZEM)/ 0; (5)

(MABN) would be formed ¢, = 1, eq 1), the isosbestic point
will occur at the wavelengthi(isb) where the extinction
coefficient of MABN is equal to that of DMABN. When more
than one photoproduct is produced, an isosbestic point may still
exist at a different wavelength, with a more complex relationship
between the extinction coefficients of the reactant and the
product molecules (eq 5.
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A[nm] TABLE 1: Extinction Coefficients, €M, Frequencies of the
Isosbestic,y™¥(isb), and Isoemissiony™®(iem), Points and
900700 L 500 — 400 e 300 e 250 —_— the Photodecomposition Quantum Yield,®(pd), for DMABN

TSN and P6C at 25°C

pma(ish)  Pm(iem)
reactant solvent €™ (1000 cnTl) (1000 cml)  ®(pd)

DMABN MeCN2 27190 36.00 23.17 0.0018
DMABN EtOH® 26 970 35.68 23.56 0.0023
PeC MeCN 24190 36.35 24.00 0.00061

a Acetonitrile. ® Ethanol.

The condition for the appearance of an isoemission point at
the wavelengtlti(iem) during the present photolysis experiments
with the dual fluorescence molecule DMABN is given by eq 6,
valid for excitation in the isosbestic point; see the Appendix.

P(LE)F g + @' (ICT)F o7 = P(P)Fp (6)

In this equationF (SF(1) d1 = 1) is the normalized fluorescence
intensity of LE, ICT, and P at(iem). According to eq 6, the
requirement for the appearance of an isoemission point is that
the sum of the LE and ICT fluorescence quantum yields, each
multiplied by their corresponding factoFse andFcT, is equal

to the product®(P)Fp. In other words, the isoemission point
appears as the crossing point of the fluorescence quantum yield
spectrum of the aminobenzonitrile (LE and ICT) and that of
the photoproduct.

In a solution of a substance undergoing photodegradation,
such as DMABN in MeCN, the composition of the solution
continuously changes. Whereas the photolysis starts with a
solution only containing DMABN, the concentration of the
photoproduct MABN increases with the duration of the pho-
tolysis, with a corresponding decrease of that of DMABN.
Although MABN is formed from DMABN after its excitation
to the singlet excited state, there is no longer a kinetic
photophysical connection between the two molecules when they
¥ [1000cm™] are both excited from theirSstates and produce the overall

Figure 3. Fluorescence (dual emission: LE and ICT) and absorption fluorescence spectrum of the solution: DMABN (LEICT)
spectra at 28C, in arbitrary units, of (a) 4-(dimethylamino)benzonitrile and MABN (LE). - ] .

(DMABN) in acetonitrile (MeCN), (b) DMABN in ethanol (EtOH), Photodecomposition Yields for DMABN in MeCN and
and (c) 4-N-piperidinyl)aminobenzonitrile (P6C) in MeCN, showing  EtOH and for P6C in MeCN. A quantitative study was made
the change in the spectra with increasing duration of controlled to determine the photodecomposition yields(pd), at 25°C
photoexcitation at 2_85 nm (Fluoromax 3), red to violet, caused py for DMABN in MeCN and EtOH as well as for P6C in MeCN.
photoproduct formation. In the case of DMABN, the photoproduct is The ab ti d fl t f th t
4-(methylamino)benzonitrile (MABN). Note the isoemission and iso- € absorption and fiuorescence spectra of these sysiems as a
shestic points at 23 170 and 36 000 érin part a, 23 560 and 35 680 function of irradiation dose are shown in Figure 3. The solutions
cmlin part b, and 24 000 and 36 350 chin part c; see text. The  Were irradiated in the spectral range of the isosbestic points
spectra of the fresh solutions are in red. The arrows indicate the effect (Table 1).

of increasing irradiation time. Irradiation time in hours (with the optical The kinetics of the photodecomposition reaction, with excita-

density at the absorption maximum at time zero in parentheses) (a)+i~p i ; ; ; ; ;
DMABN/MeCN: 0 (0.856), 0.35, 0.80, 1.58; (b) DMABN/EtOH: 0 23?&2523 'Zgigﬁiﬂc(gg'%’ can be described by the following

(0.804), 0.35, 0.81, 1.61; (c) P6C/MeCN: 0 (0.873), 0.78, 1.76, 3.04.

Fluorescence Intensity
=
Absorbance

The red absorption spectra are normalized to the fluorescence band dc C
with the largest intensity and hence do not indicate relative photochemi- =V—"=0(pd) = @)
cal stabilities of the systems in the figure. dt aCo

In addition to the isosbestic points in the absorption spectra, whereCy andC are the concentrations of the parent substance
isoemission points are observed in the fluorescence spectra ofat time zero and, |, is the intensity of the absorbed light, and
Figure 3, for all three systems undergoing photodegradation.V is the solution volume. After integration of eq 7 with the
The presence of an isoemission point, at which the fluorescenceinitial condition C(0) = Co, eq 8 is obtained, showing that €
intensity remains constant during photolysis, likewise does not linearly depends on the reduced absorbed radiation dose,
mean that only two excited species are present, as is somedt/VC.
times concluded3®.¢33This clearly follows, for example, from |
the fact that the photoproduct formation with DMABN in C\_ a
MeCN and EtOH as well as with P6C in MeCN involves at In(go) N @(pd)ﬁot (8)
least three excited state species: the LE and ICT state of the
starting material and also the photoproduct in the singlet excited The quantum yield®(pd), is then determined as follows. A
state. solution of DMABN in MeCN (0.13umol in 4.25 mL, N
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Figure 4. Plot of In(C/Cy) versusl£/VC, (see eq 8 and text) for P6C E
in acetonitrile (MeCN) (0.14:mol), DMABN in MeCN (0.13umol), 3.4
and DMABN in ethanol (EtOH) (0.12mol) at 25°C. The plot shows é
the dependence of the concentrati@p,of the reactant as a function
of the accumulated dose of absorbed light, Irradiation at 285 nm 2
(incident light intensity 4.7< 10 photons/s) for P6C and at 277 nm
(incident light intensity 4.5x 10 photons/s) for DMABN, close to
the isosbestic points (Figure 3 and Table 1). The voluWeof the J iy o
solutions is~4 mL. The straight line is calculated by employing eq 8. O e L LA AL L s s
0 400 800

The absolute value of its slope is equal to the photodecomposition yield,
O (pd).

3 SIGMA

bubbled) was irradiated with 277 nm light. The decomposition

of DMABN during the photolysis was determined from the 21 @
decrease in fluorescence intensity at the maximum of its ICT Tlps] 46 3210 %?
emission band, where a spectral overlap with the fluorescence A;LE) 96 10 091

spectrum of the photoproduct (MABN) can be neglected; see
Figure 1b. Similar photolysis experiments were carried out with
DMABN in EtOH and with P6C in MeCN. The decrease in
concentrationC, of these molecules as a function of the reduced
absorbed radiatiorat/VC, is shown in Figure 4.

It is seen that the experimental data for all three systems are

KILOCOUNTS
—_
1

satisfactorily described by eq 8. From the slope of the plots of pt L

In(C/Cp) versuslt/VGy in Figure 4, the quantum yield of J

photoproduct formationg(pd), can hence be determined. The P I
quantum yieldssb(pd), and the isosbestic and isoemission points 0 432 800

are listed in Table 1. The photodecomposition quantum vyield,
®(pd), increases in the order P6C/MeCN, DMABN/MeCN, and
DMABN/EtOH. It follows from these data that P6C in MeCN
has a larger photostability than DMABN in MeCN and EtOH. kg 16 5. LE fluorescence decay curves of DMABN in acetonitrile
This difference may be caused by the fact that P6C has a(MecN) at 25°C, with decay times; and; and the corresponding
heterocyclic amino substituent, preventing the release of an alkyl amplitudesA;(LE) andAx(ICT); see egs 9 and 10. The shortest decay
residue after the initial cleavage of tialkyl bond, or by time is listed first. The weighted deviations sigma, the autocorrelation
increasing the recombination probab”'ty Of the primary pho_ functions A*C, and the values fcwz are also indicated. The decays

tocleavage product by an “intramolecular” cage effect. DMABN are presented for solutions with increasing duration of laser excitation
) time from part a to part c. In part a, practically no photoproduct is

in.MeCN Is found to be 3 times less photpstable than P6C in present, whereas the amount of the photoproduct MABN increases from
this solvent. At the present low concentrations (see above), thepart a to part c; see Table 2. In parts a and b, double-exponential fits

photostability of DMABN decreases by 30% when going from are adequate (Scheme 1 and egs 9 and 10). In part ¢, a double-

the aprotic solvent MeCN to the protic solvent EtOH. exponential fit is shown, although a fit with three exponentials (see
Influence of Photoproduct Formation on the Picosecond ~ Table 2 and ref 9) is of better quality (smalj€)). Note the increase of

LE Fluorescence Decays of DMABN in MeCNAs already the contribution from the longest decay time as the photoproduct

. - ; formation proceeds. The kinetic analysis of the decay parameters is
mentioned in the Introduction, the LE fluorescence decay of presented in Table 2, showing the influence of increasing amounts of

DMABN in MeCN is strongly influenced by the formation of  \aBN on the ICT rate constants. Excitation wavelength, 276 nm:
the photoproduct MABN;!>1¢see Figure 5. In Figure 5a, the  emission wavelength, 350 nm; see Figure 1. Time resolution, 0.496
double-exponential LE fluorescence deddl.E) is that of a ps/channel in 2000 channels (1600 shown).

3 SIGMA
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TABLE 2: Effect of the Presence of the Photoproduct MABN on the LE Fluorescence Decay Parameters and Apparent and
Optimal Rate Constants for the ICT Reaction of DMABN in MeCN at 25 °C (See Scheme 1 and eqs43)

72(ps)  71(ns) A 2 (ns)  ka(10's™Y) ki (10°s™) 'o(ICT) (ns) ko/Kd AG (kJ/mol)

DMABN? (ref 9) 4.0 3.8C 516 3.41 2.5 0.48 3.80 516 —15.5
DMABNZ¢ (Figure 5a) 4.0 3.54 393 3.41 2.5 0.68 3.54 393 —14.8
DMABN? (Figure 5b) 4.3 3.3Z% 104 3.41 2.3 2.2 3.32 104 -11.5
DMABN" (Figure 5c) 4.6 3.2r 9.6° 3.41 2.0 20.8 3.19 9.6 -5.6

3.6 3.21 12.1 3.41 2.6 21.2 3.20 12.1 —-6.2

aFluorescence lifetime of the model compound MABN in MeCN at °Z5 P Optimized values obtained from a simultaneous analysis of
photostationary and time-resolved data (ref°®rom double-exponential LE fluorescence decequal tor;, due to large value oA. € Best
experimental conditions obtained for LE decay; see texalue affected by the presence of the photoproduct MABSolution of DMABN after
laser excitation, containing MABN as photoproduct; see teSblution of DMABN after prolonged laser excitation and photoproduct formation;
see text! From triple-exponential LE fluorescence decay curve; see text.

fresh solution of DMABN in MeCN at 28C, containing only SCHEME 1

a minor (but nonzero) amount of MABN, the lowest amount hv

we were able to achievEThe amplitude ratioA, of the shortest \ L

decay time,z; (4.0 ps)?3435 relative to that of the longest LE =—%“= ICT
nanosecond timer; (egs 9 and 10), equals 393; see Tabfe 2. / ky \
This value forA is still somewhat smaller, due to the presence V2o # (k) (KN 1/,

of MABN, than our optimal result (516) obtained from a
simultaneous analysis of photostationary and time-resolved dat
for DMABN in MeCN over a large temperature range4b to
75 °C) reported separatefy.

From Figure 5b, showing an LE decay after longer laser
irradiation than in the case of Figure 3a, it is seen that the
amplitude ratioA, has decreased substantially, from 393 to 104. Influence on the LE Fluorescence Decay of a DMABN

This decrease is again caused by the fluorescence of MABN Sollutt_ion b%’ él(\j/l(,jél\régl]\lMABl\/lNC-ll—\lh? LE ;:I_ugrescenclfle decay tOf?
with a lifetime of 3.41 ns under the same experimental solution © in me o which a smafl amount 0

conditions? a time close to ther; decay time (3.54 ns) of MABN (afound 7 mol %) is addeq islshown in.F_igure 6. From
DMABN in Figure 5a. A similar influence of photochemical a comparison with the LE decay in F|gure.5a, itis seen that the
product formation on the fluorescence decay parameters ofadd't!on of MABN leads to a substantial decrease of the
DMABN in MeCN (72 = 6 ps,71 = 3.12 ns, andA = 10)i5.16 amplitude ratioA (eq 10), from 393 to 10.3. The decrease of
was found previousl§/5:16~35'37l,:or the short ’decay timey,, of the ratioA found here is similar to that observed for a photolyzed
DMABN in MeCN, a value of 6 ps has also been reported in DMABN solution in MeCN (Figure 5c) in which MABN is
the literature’8—40 the _photoproduct. .
The interference of MABN photoproduct formation leads to M PIC’\?SGCdOI;C:] LE Fludoreslréence Dec"f‘rf Qf fFI)GC andeTSC n
an apparent (incorrect) increase of the K&ILE rate constant, eQ an otoproduct Formation. The influence of laser
ks, from 0.5 to 2.2x 1P s (Table 2)? The effect on the excitation on the LE fluorescence decays of P6C in MeCN at

forward ICT rate constanks,, is much less severe than that for 2_5 °C i; shown in Figure_ 7. The decay in Figure 7a can be
ki an apparent decrease from 2.4 to 3101 st (egs 11 fitted with two exponentials, 1.7 ps and 3.19 ns, with an
and 12, see Table 2). amplitude ratioA, of 377. For the decay in part b of the solution

after prolonged laser excitation, a double-exponential approach
|ho longer leads to an acceptable fit. Three exponentials are
needed in this case (c), which reveals that photoproduct
formation (see Figure 3b) leads to the appearance of an
eadditional middle decay time of several hundred (283) pico-
seconds. A similar result is obtained with P5C in MeCN (Figure
8), for which an additional time of 68 ps appears in the LE
fluorescence decay after extended photoexcitation. After pro-
longed laser excitation of solutions of P6C and P5C in MeCN,
the fluorescence intensity of the band in the spectral range of
the LE emission increases relative to that of the ICT fluores-
cence; see Supporting Information Figure 2S. This change is
attributed to the photoproduct ABN.

a]n egs 9-13 and Scheme X, andky are the rate constants of
the forward and backward ICT reactiom(LE) and 7'o(ICT)
are the fluorescence lifetimes, ak@LE) andk';(ICT) are the
radiative rate constants.

Upon prolonged laser excitation, a further decrease of the
ratio A takes place, to 9.6, as seen from the double-exponential
fit of the decay curve in Figure 5c. From the slightly better fit
with three exponential®y = 12.1 is found (Table 2). The decay
parameters of the decay curve in Figure 5c lead to a considerabl
apparent increase & (from 0.6 to 20x 10° s71), whereask,
undergoes an apparent decrease from 2.4 tox2 10 s71,
when the results of the double-exponential fit of Figure 5c are
employed. Similar data obtained from a triple-exponential fit
are also listed in Table 2. The increasing generation of the
photoproduct thus causes a strong apparent incre&géfactor
of 40) and a smaller decreasekx (factor of 1.2), with both
effects resulting in a substantial reduction of the apparent value

for —AG: from 15.5 to around 6 kd/mol: see Tablé 2. From the decay parameters of P6C and P5C, in accordance
with Scheme 1, the kinetic parameters of the ICT reaction were
. _ - - again calculated by employing eqs-113 (Table 3). It follows
H{LE) = Ay, exp(-U/ry) + Ay exp(-tir) ©) from these data that the presence of a photoproduct causes an
A=A A, (10) apparent decrease kfand a strong increase kf, resulting in
a much too low value for-AG, similar to what was presented
ko= (L/ry + Nrp)/(L+ A) — 1z, (11) above for DMABN (Table 2). From the LE fluorescence decays

5 5 of fresh solutions of P6C (Figure 7a) and P5C (Figure 8a) in
ke = {(Ury = 1r))” = (2Ky+ 219 — Lty — 1ry)HAK, (12)  MeCN at 25°C, it follows that the LE— ICT rate constants,
) _ v L is considerably larger for P6C (5.0 10! s71) than for P5C
Ve (ICT) = Ly + Uty =k =y = Lo (13) (0.6 x 10t s71), in accordance with previous treatmett$®
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Figure 6. LE fluorescence decay curve of DMABN with added MABN
(around 7 mol %) in acetonitrile (MeCN) at 2&. The addition of
MABN leads to a decrease of the amplitude rafipfrom 393 (Figure

5a) to 11.3. The intensity ratio of the LE and ICT band$CT)/I(LE),

in the fluorescence spectrum of this DMABN/MABN mixture is
somewhat larger (1.3) than that in the green spectrum of the irradiated
DMABN solution in Figure 3a. See caption of Figure 5.

The observed\G value for P6C {14.7 kJ/mol) is larger than
that for P5C ¢12.8 kJ/mol).

The data presented here clearly show that for P6C as well as
P5C the ICT reaction in the aprotic solvent MeCN at room
temperature can be correctly described by Scheme 1, as also
was found to be the case for DMABN in MeCN as discussed
in the previous sectiorsin other words, there is no experi-
mental evidence for the operation of a barrierless ICT mecha-
nism, leading to multiexponential fluorescence decays, as
reported in the literaturg#1:42

The multiexponential fluorescence decays observed in protic
solvents such as EtOH, besides being due to the presence of
photoproducts, are also caused by an overlap of the time ranges
of ICT and solvent relaxation.

Conclusion

Upon photoexcitation of DMABN in MeCN, MABN is
produced. This photoproduct leads to a large increase of
the apparent LE fluorescence in the IGTLE dual fluores-
cence spectrum of DMABN in this solvent, due to the spec-
tral similarity of the LE fluorescence spectra of MABN
and DMABN. This presence of MABN strongly affects
the fluorescence quantum yield rati@g'(ICT)/®(LE) and
®y(LE)/D(LE), both becoming considerably smaller than the
photophysically correct values. The MABN photoproduct like-
wise interferes with the LE fluorescence decays of DMABN
in MeCN, influencing the,/t; amplitude ratioA, in the double-

Druzhinin et al.
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Figure 7. LE fluorescence decay curves of M-piperidinyl)ami-
nobenzonitrile (P6C) in acetonitrile (MeCN) at 25, showing the effect

f laser excitation. The fresh solution in part a is practically free from

exponential decays. This causes a substantial increase Obnotoproduct, whereas this product is strongly present in parts b and
the apparent value of the ICT LE rate constantkq. Both ¢, decay curves of a solution after prolonged laser excitation; see Figure
factors result in a decrease of the apparent value—aG 3b. A fit with two exponentials is adequate for the decay curve in part
of the ICT reaction. After extended photoirradiation, a third 2 (egs 9 and 10), whereas for the decay in parts b and c three

middle decay time starts to appear in the fluorescence de-

exponentials are needed, as is clear from the double-exponential fit of
this solution in part b. Note the larger contribution from the longest

cays. L . decay time in parts b and c, showing the effect of photoproduct
~ The negative influence of photoproduct generation on the fomation. Excitation wavelength, 298 nm; emission wavelength, 355
investigation of the ICT kinetics is not restricted to DMABN.  nm; see Figure 3b for P6C. Time resolution, 0.513 ps/channel in 2000
Upon irradiation of P6C in MeCN, ABN could be indentified channels (1600 shown). See caption of Figure 5.
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Figure 8. LE fluorescence decay curves of M-pyrrolidinyl)-
aminobenzonitrile (P5C) in acetonitrile (MeCN) at 26, showing
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as the photoproduct. Similarly, PP4C was found in a photolyzed
solution of P5C in MeCN. Besides these substances, photolysis
of P6C as well as P5C resulted in further photoproducts. The
IH NMR spectra of the chromatography fractions containing
these photodegradation products present a complex pattern. In
accordance with this finding of complex photoproduct forma-
tion, the picosecond fluorescence decays of the MeCN solu-
tions of P6C and also of P5C after photolysis show multiex-
ponential picosecond fluorescence decays. With P6C and P5C
in MeCN, an additional decay time in the 100 ps range appears
next to the decay times (picoseconds) ang; (nanoseconds)

of the initially double-exponential LE fluorescence decay of
fresh solutions. It is hence concluded that multiexponential LE
and ICT fluorescence decays of P6C and P5C in MeCN are
caused by photoproducts and can not be considered as an
indication that the two-state model (LE and ICT) is not adequate
for the ICT mechanism of aminobenzonitriles in aprotic solvents.
P6C is more photostable than DMABN, with a photodecom-
position quantum yield in MeCN of 0.000 61 as compared with
DMABN in MeCN (0.0018) and in EtOH (0.0023). The
isosbestic (absorption) and isoemission (fluorescence) points
encountered in the spectra of DMABN, P6C, and P5C during
photoirradiation indicate that at least one photoproduct is
formed.
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Appendix

LE and ICT with One Photoproduct. For the photolysis
of a dual fluorescence molecule such as DMABN involving
one photoproduct P, with three excited states (LE, ICT, and
P*) in the reaction scheme, the total fluorescence intenkity,
at wavelengthi will depend on the excitation wavelengfyc,
and on the fractiox = C/Cy (eq 8) of the unreacted starting
material S, that is, on the ratio of the concentration at a certain
time as compared to that at the start of the photolysis. The
intensity, I, can then be expressed by eq Al.

=1+ ler+lp (A1)

In general, the fluorescence intensity,at the wavelengtti;

the effect of laser excitation. In the fresh solution in part a, practically (€q A2) is the product of the absorbed light intensity, the
no photoproduct is present, whereas this product is strongly presentnormalized fluorescence intensitiy(s) (with fF(1) di = 1),
in parts b and ¢, decay curves of a solution after prolonged laser and the fluorescence quantum yiefB,

excitation; see Figure 7. A fit with two exponentials is adequate for

the decay curve in part a (egs 9 and 10), whereas for the decay curves | =\ (P(LE)F ¢ + ®'(ICT)F,or) + WP (P)F (A2)
in parts b and c three exponentials are needed, as is clear from the S LE IcT P P

double-exponential fit of this solution in part b. Note the larger
contribution from the longest decay time in parts b and c, showing
photoproduct formation. Excitation wavelength, 298 nm; emission

For the light absorption intensity\Vs, of the starting mate-
rial S (fraction x, with extinction coefficientes) and that,

wavelength, 350 nm; see Figure 7. Time resolution, 0.513 ps/channel Wp, Of the photoproduct P (fraction + x, with extinction

in 2000 channels (1600 shown). See caption of Figure 5.

coefficientep), one has, with the total light absorption intensity
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TABLE 3: Effect of Prolonged Photoexcitation of Dilute Solutions in Acetonitrile (MeCN) at 25°C of
4-(N-Piperidinyl)aminobenzonitrile (P6C) and 4-(N-Pyrrolidinyllaminobenzonitrile (P5C) on the LE Fluorescence Decay
Parameters and Apparent and Optimal/Real Rate Constants for the ICT Reaction (See Scheme 1 and egs1®)

72 (pS) 71 (NS) A 70° (NS) ka (10'1s7Y) ki (10°s79) 7'o(ICT) (ns) Kolka AG (kJ/mol)
P6C (Figure 7a) 1% 3.19 377 3.41 5.86 1.56 3.1 377 —-14.7
P6C (Figure 7b) 39 313 34 3.41 2.85 8.39 3.12 34 -8.7
P6C (Figure 7c) 18 3.13 859 3.41 5.49 6.46 3.¥3 85 —-11.0
P5C (Figure 8a) 179  3.00  17% 3.41 0.55 0.32 3.00 172 -12.8
P5C (Figure 8b) 234 2.9r 37 3.41 0.41 1.11 2.90 37 —-9.0
P5C (Figure 8c) 172 2.91 579 3.41 0.57 1.00 2.90 57 ~10.0

a All kinetic data are affected to some extent by photoproduct formation, the influence becoming more serious with increasing irradiation time;
see text? Fluorescence lifetime of the model compound MABN in MeCN at°g5 ° From double-exponential LE fluorescence decegest
experimental conditions obtained for LE decay; see tekgual tor;, due to the large value &. f From triple-exponential LE fluorescence decay.

9 Amplitude ratio of the shortest and the longest decay time.

W= Ws + Wp Supporting Information Available: Fluorescence and
absorption spectra. This material is available free of charge via
Ws = Wxed/(eX + €x(1 — X)) (A3) the Internet at http://pubs.acs.org.
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