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Steady-state and time-resolved spectroscopic studies of benzanilide (I) and jV-methylbenzanilide (II) 
were performed at 298 and 77 K in various solvents. The results indicate that benzanilide fluorescence 
in non-polar solvents at room temperature involves three independent modes of emission: F! (LE) nor-
mal fluorescence from the initially excited state Sj (LE) with ^ ^ = 3 2 0 nm, F^PT) fluorescence from 
the proton transfer tautomer with ^ ^ = 4 6 8 nm, F^CT) fluorescence from the species where intramo-
lecular charge transfer appears, with ^ ^ = 5 1 0 nm. At 77 K in MCH a new fluorescence band, Fag, 
appears at Amax=415 nm instead of the F2(PT) and F^CT) fluorescence. This new emission originates 
from benzanilide dipolar aggregates or cis-imidol dimers. The decay times of these emission modes are 
different. 

yV-methylbenzanilide, dissolved in nonpopular and weakly polar solvents at room temperature and at 
77 K, shows only two fluorescence modes, i.e., the normal and the charge-transfer emissions at 320 nm 
and 520 nm, respectively. The fluorescence is deactivated with two decay times, 30 ps and 2.05 ns, in 
MCH solution. 

Key words: Benzanilides; Absorption; Emission and Picosecond Transient Absorption Spectra; Fluo-
rescence Decay Times. 

1. Introduction 

In [1-3] it has been shown that the fluorescence of ben-
zanilide at room temperature involves three independent 
electronic bands. These are associated with the transition 
from the initially excited state S](LE) of the molecular 
moiety, f rom the proton-transfer imidol-tautomer excit-
ed state Si(PT), and f rom the intramolecular charge-
transfer excited state SI'(CT) of the molecule. 

The fluorescence decay-time measurements, steady-
state absorption and emission spectra and picosecond 
transient absorption spectra of benzanilide (I) and 
N-methylbenzanilide (II) reported here provide addition-
al confirmation that excitation of the benzanilides results 
in the appearance of three or two co-existing singlet excit-

I - B e n z a n i l i d e 1 1 " A ' - m e t h y l b e n z a n i l i d e 

Chart 1. Molecular structure of benzanilide and jV-methylben-
zanilide. 

ed of the parent molecule. The chemical structures of the 
molecules under study are shown in Chart 1. The kind of 
emission observed depends mainly on the polarity of the 
solvent molecules and the temperature. Taking advan-
tage of this dependence, the decay times of the different 
fluorescence modes of benzanilide and N-methylbenzan-
ilide have been determined. 

2. Experimental 

The absorption spectra at room temperature of I and 
its N-methyl derivative II, were obtained using a Cary 15 
recording spectrophotometer. The fluorescence (at 298 
and 77 K) and phosphorescence spectra (at 77 K) were 
taken on a Baird-Atomic Model SRF 100 spectrofluo-
rimeter. The spectra presented are corrected for the sen-
sitivity of the photomultiplier used. 

Picosecond transient absorption and time-resolved 
emission experiments were conducted using the 
system described in [4]. The sample was excited with 
the fourth harmonic (266 nm) of the Nd :YAG laser 
operating at 10 Hz. The laser beam which provides 
the excitation for the fluorescence decay-time measure-
ments was synchronously chopped with a shutter, yield-
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Fig. 1. Absorption and emission spectra of benzanilide 1 and /V-methylbenzanilide 2 and 3. The weak band at about 320 nm 
belongs to the normal fluorescence F, (LE). The dashed lines show the decomposition of the F2 band of benzanilide into the F2(PT) 
(̂ max = 468 nm) and F2(CT) (A,^ = 510 nm) bands with participation factors of 64 and 36 percent. 
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ing a 2 Hz laser beam, to prevent a non-linear 
response of the Silicon Intensified Target (SIT) tube. 
The temporal width of a typical UV pulse is 30 ps with 
energies of 1 - 2 p.J. The experimental decay curves 
obtained were fitted by a convolution integral of the 
form 

r 
/ E ( r ) = { f X r ' ) / F ( f - r ' ) d T ' , (1 ) 

o 
where F{Y) is a gaussian function approximating the 
shape of the excitation pulse and /F(f - Y) is the fluores-
cence response function measured in the experiment. 

The picosecond transient absorption measurements 
were performed using the setup described in [4]. This 
includes the same Nd:YAG laser, with a pulse-width of 
ca. 30 ps, operating at 10 Hz and delivering the fourth-
harmonic as a pump pulse (A = 266 nm) and a broadband 
continuum probe pulse, both focused into the sample cell. 
Only the continuum is passed through the reference cell. 
The probe pulse, which was generated by 1064 nm irra-
diation of the H 2 0 / D 2 0 mixture, was delayed in time 
from 0 to 18 ns with respect to the pump pulse. The absor-
bance change in the sample was obtained using the rela-
tion: 

A = - log ^ - log , (2) fc / / os ' or 

where /s is the intensity of the probe continuum with exci-
tation at the delay time t transmitted by the sample, l's is 
the intensity of the excitation without the continuum, / o s 

is the intensity of the continuum without excitation, 
measured 100 ms after the time t, and / r, /o r are the inten-

sities of the continuum at delay time t and 100 ms after 
r, respectively, for the reference cell. The data collection 
and the evaluation procedure was accomplished using an 
IBM-PC software package written by Schmidt and Hilin-
ski [4]. The average energy per laser pulse was ca. 0.2 mJ. 
The solution concentrations were about 5 • l O ^ M , so 
that the optical density at the excitation wavelength 
266 nm was about 1-1.5 in the cell with 0.5 cm path-
length. The solution in the cell circulated in an atmos-
phere of N2 . 

Benzanilide (purchased f rom Aldrich Chemical Co.) 
was twice recrystallized from methanol before use. 
N-methylbenzanilide was synthesized using benzanilide 
according to a standard methylation procedure and after 
recrystallized twice f rom cyclohexane. The solvents pro-
pylene oxide (OP), isopentane (IP) and ethyl ether (EE) 
were of spectroscopic quality and were used without fur-
ther purification. Cyclohexane (CH) and methylcyclo-
hexane (MCH) of spectroscopic grade treated with a sodi-
um-potassium alloy were distilled before used. Samples 
(in 2 mm diameter quartz tube) at 77 K were immersed 
in liquid nitrogen. 

3. Results and Discussion 

a. Steady-State Spectra 

Figure 1 shows the absorption and fluorescence spec-
tra of I and II in MCH and OP. The absorption spectrum 
for both compounds has an onset at c. 320 nm. The spec-
trum of I shows a broad band with A , ^ at 265 nm and 
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Fig. 2. The emission spectra, total luminescence 1 and phosphorescence 2 of benzanilide in EPA mixture (panel A) and MCH 
solution (panel B) and N-methylbenzanilide in IP/EE mixture (C) and MCH solution (D) at 77 K. The dotted curves represent the 
F( (LE) band. The solid lines represent the charge transfer fluorescence spectrum F^CT) (panels A, C, D) of compounds I and II 
and the dipolar aggregate fluorescence spectrum (panel B) of benzanilide in MCH solutions. 
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220 nm. The position of these maxima do not differ sig-
nificantly when changing the solvent f rom a hydrocar-
bon to a polar protic or non-protic type. 

The absorption spectrum of II does not show resolved 
bands. Nevertheless, on the basis of the second deriva-
tive of the absorbance, two transitions, at A 255 and 
275 nm, can be indicated (see Figure 1). 

The fluorescence spectra of I and II depend strongly 
on the polarity of the solvent. In hydrocarbon and weak-
ly-polar solvents, the fluorescence spectra contain two 
bands, a weak normal fluorescence emission at 320 nm 
(FI (LE)) and a stronger band F2 at 477 and 510 nm 
for I and II, respectively. In polar nonprotic solvents 
( 8 < e < 12), only the short-wave length emission appears, 
although somewhat more strongly. In dipolar solvents, 
e.g. ethyl and methyl alcohol, EPA and acetonitrile, 
formed specific dipole-dipole complexes quench the flu-
orescence completely at room temperature. As was 
shown in [1-3], the long-wave fluorescence band F 2 of 
I at = 477 nm in CH and M C H solutions has dual 
nature. It results f rom emissions of the imidol-tautomer, 

S; (PT) -> SQ(PT) (AMAX = 468 nm), and from an intra-
molecular charge-transfer isomer, S"(CT) —> SQ(CT) 
(Ajnax = 510 nm). These bands can be obtained decom-
posing the wide F2 band into two bands possessing equal 
half-width to that of II in M C H (see Fig. 1 the two dashed 
bands). Its contributions amount to 64 and 36 percent, 
respectively. For II, the corresponding emission at 
510 nm results only from a twisted intramolecular 
charge-transfer complex, S"(CT) —» SQ(CT), since the 
tautomerizing proton has been replaced by a methyl 
group. 

In rigid media, (see Fig. 2) both compounds under 
study show fluorescence and phosphorescence. It must 
be pointed out the that long-wavelength bands in the total 
emission spectra of both compounds (curve 1 differ f rom 
those of pure phosphorescence spectrum (curve 2). More-
over, the F2 fluorescence bands of these two compounds 
at 298 K (see Fig. 1 and Fig. 1 in [ 1 ]) show a pronounced 
anomaly, i.e. the fluorescence band has its maximum at 
a longer wavelength than the phosphorescence band, and 
for 77 K 4 , a x (FL + Ph) > A™ax (Ph) (see Fig. 2, panel A, 
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Fig. 3. Room temperature picosecond 
transient absorption spectra of benzanilide 
and /V-methylbenzanilide in cyclohexane 
solution at 298 K. 

C, and D). An opposit inequality is true for I in MCH 
where A ^ * (FL + Ph) > (Ph) (Fig. 2 panel B). In 
EPA and isopentane-ethyl ether mixture (IP/EE, 1:1 v/v), 
I and II show dual fluorescence attributed to the emis-
sion f rom the S , (LE) and S"(CT) states (bands marked 
by a dotted curve in Fig. 2 panel A and C). The 
fluorescence bands are obtained by subtracting the nor-
malized intensity of the phosphorescence (Ph) spectrum 
from the total luminescence (Fl + Ph). The fluorescence 
spectra of both compounds in MCH, analyzed in the same 
way, give bands whose maxima are at A 415 nm and 
473 nm, respectively. As it has been shown in [1, 2], the 
broad maximum at 473 nm (see Fig. 2 panel D) can be 
attributed to the S"(CT) - » Sq(CT) transition. We sup-
pose that the new band at 415 nm (see Fig. 2 panel B) 
originates f rom benzanilide dipolar aggregates or from 
the c/s-imidol dimer emission, as has been suggested in 
[5] and [6]. The maxima of the F ^ C T ) bands of I and II 
in M C H at 77 K are shifted to shorter wavelengths by 
about 4 nm in comparison with their positions at room 
temperature [1 ,5] . Such a temperature shift of the fluo-
rescence spectrum has been observed by many authors 

[7]. 
The low temperature spectroscopic studies of both 

molecules can be summarised as: 

1. In non polar solvents (MCH) at 77 K the total lumi-
nescence spectrum of I consists of a very weak F] (LE) 
band (onset 290 nm A ^ = 314 nm), a fluorescence band 
of dipolar aggregates (onset of 350 nm, A ^ = 420 nm), 
and a phosphorescence band at A ^ = 460 nm. The 
Ft(PT) and F'2'(CT) emissions are not observed. The total 

luminescence spectrum of II consists of the normal 
fluorescence band F , (LE) (onset 290 nm, Amax = 
326 nm), the charge transfer fluorescence band F ^ C T ) 
(onset 440 nm, A ^ = 510 nm) and the phosphorescence 
band F P h (onset 400 nm, A^,^ = 460 nm). 
2. In polar solvents (EPA and IP/EE mixtures) at 77 K 
the total luminescence spectrum of both molecules con-
sists of the normal fluorescence band F](LE) (onset 
300 nm, A ^ * = 330 nm), the charge transfer fluores-
cence band F ^ C T ) (onset 420 nm, A ^ = 460 nm for I 
and - 5 0 0 nm for II) and the phosphorescence band Fp^ 
(onset - 3 7 0 nm, A ^ = 415 nm for I and II). 

The noted blue shift of the phosphorescence spectrum 
(AA = 45 nm) by increase of the solvent polarity indi-
cates that the T] state of both molecules possesses (n, 7t*) 
character [8]. 

b. Picosecond Transient Absorption Spectroscopy 

Figure 3 shows the picosecond transient absorption 
spectra of I and II in cyclohexane at room temperature 
for various delay times of the probe beam with respect 
to the excitation beam. The transient absorption spectra 
show a very broad absorption band, extending across the 
visible region from 400 to ca. 560 nm in the case of I and 
a more pronounced, somewhat narrower band with A ^ * 
at 450 nm for II. For II, the transient absorption band has 
disappeared almost completely in 5 ns, whereas in the 
case of I, some absorption still persists even after 18 ns. 
A plot of the transient absorbance changes monitored at 
450 nm for both molecules (shown in Fig. 4) yields a 
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Fig. 4. Room temperature transient absorbance changes mon-
itored at 450 nm of benzanilide and /V-methylbenzanilide in 
cyclohexane solution at 298 K. 

decay time of (11.2 ± 2) ns and a rise time of (200 ± 20) 
ps for benzanilide and of (2.90 ± 0.8) ns and (150 ± 20) 
ps, respectively, for /V-methylbenzanilide. The different 
time development of the transient absorbance of the two 
molecules as well as the different excited state transient 
absorbance profiles indicate that the transient absorbance 
spectra have somewhat different origins. The broad 
absorption band for I is inferred to consist of absorption 
transitions originating from the S^(PT) and S^(CT) as 
well as from the ground-state tautomer of benzanilide, 
SQ(PT) (see Figure 6). For that reason, the transient 
absorption decay time of I, (11.2 ± 2) ns, cannot be iden-
tified with the fluorescence decay time as usual. The time 
evolution of the transient absorption spectrum of II in CH 
suggests that mainly the S^'(CT) <— S"(CT) transition 
gives rise to the transient absorption ( A , ^ = 450 nm). 
Nevertheless, the transient absorption decay time differs 
significantly f rom the F 2 (CT) fluorescence decay time 
of II ((2.90 ± 0.8) ns versus (1.76 ± 0.05) ns; see Table 1) 
which can be caused by a weak absorption f rom the 
So(CT) state. 

Fig. 6 shows the energy scheme indicating the origins 
of the three competitive fluorescence transitions, F! (LE), 
F£(PT) and F2(CT), the supposed transient absorption 
transitions (dashed arrows) and the observed phospho-
rescence transition. The dot-dashed levels (S"(CT), 
S^'(CT)) and dashed levels (S£(PT), T ^ P T ) , S ^ P T ) and 
S^'(PT)) represent energy values of the tautomeric forms 
of both molecules. It must be noticed that the phospho-
rescence emission of both compounds originates f rom 
the initially excited molecule i.e. f rom the T j (LE) state. 
This is in agreement with the predictions made by Kasha 
et al. [9], 

The results of the fluorescence decay time measure-
ments at different temperatures and in various solvents 
will give arguments concerning the correctness of the 
proposed transition scheme. 

c. Fluorescence Decay Measurements 

Figure 5 shows the Fj and F2 fluorescence curves of 
benzanilide emission attributed to the Sj (LE) —» S 0 (LE) 
andSi(PT) So(PT)andS"(CT) So (CT) transitions. 
The observations were performed at room and liquid 
nitrogen temperatures. The risetime of the F r and F2 , F2-
fluorescences at room temperature and at 77 K are in the 
limit of the half-width of the exciting pulse. Therefore it 
can not be determined with the apparatus used, where the 
half width of the exciting pulse is about 15 ps. The F, (LE) 
fluorescence emission at 320 nm of I and II in M C H and 
CH at 298 K is very weak (the quantum yield <2F = 1 0 ^ 
[10], which does not allow fluorescence decay measure-
ments. In polar non-protic solvents and at low tempera-
tures the F j (LE) intensity is sufficient to perform decay 
time measurements. Figure 5D shows the F j (LE) decay 
curve of I in PO solution at 298 K obtained using the 
500 ps window of the streak camera. The reason for the 
short decay time of the F] (LE) fluorescence, about 20 ps, 
is the large value of the rate constant of the excited-state 
proton transfer kp -̂ and twisted intramolecular charge 
transfer £ C T process. They are bigger then the sum of the, 
kF, internal conversion, £ IC, and intersystem crossing, 
klsc, fluorescence rate constants, i.e. kpj, &CT > kF 

+ klc + klsc. It can be seen from Figs. 5A and B that the 
fluorescence decay curves of F2 emission of I at room 
and liquid nitrogen temperatures fit well to a curve with 
a single rise time and one exponential decay. 

The decay times of the different fluorescence modes 
of I and II obtained for two temperatures and different 
solvents are summarized in Table 1. Here the participa-
tion factors are given in brackets beside the associated 
decay time. The r values connected by a clamp were 
obtained fitting the experimental points to a two-compo-
nent decay curve (see Fig. 5 panel B and D). An excep-
tion are the rva lues of benzanilide in M C H and CH (see 
Fig. 5 panel A), which satisfy in the same degree a mono-
and bi-exponential fit. 

Analyzing the decay time data in connection with the 
results of spectroscopic studies it follows that: 

1. The decay time of the initially excited state, S i (LE) , 
is very short for both molecules. The reason for it are the 
large values of the rate constants of excited-state proton 
transfer kp j and twisted intramolecular charge transfer 
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Fig. 5. Decay curves of the F2 (panels A and B) and F) (panel D) fluorescences of benzanilide in EPA mixture and propylene 
oxide. Panel C shows the fluorescence decay curve of benzanilide in MCH at 77 K. 

Table 1. Fluorescence decay time (ns) of benzanilide and 
iV-methylbenzanilide for different solvents and temperatures. 

Solvent Benzanil ide /V-methylbenzanilide 

r F ( 2 9 8 K) T f (77 K) r F (298 K) r F (77 K) 

MCH 0 . 8 8 0 J 
1 1 .50(0 .20) ' 

CH 0 . 8 7 0 1 .45(1 .0 ) 

0 . 7 5 0 (0.80) : l 2 .95 (1.0) 1 .76 (1 .0 ) , 0 .105 (0 .40) c 

j 2.05 (0 .60)h 

0 . 7 7 0 (0 .68) a 

1.45 (0 .32) 2 

0 .088 (0.7) c 

2.02 (0.3)a 

0 . 7 2 0 (0 .85 ) a r 0 . 0 4 2 (0 .92) c 

0 . 1 2 0 (0 .35) c 

EPA 

I 1.65 (0 .65)h 

rO.135 (0 .40) c 
IP/EE 0 . 8 3 0 <! \ 1 .70 (1 .0 ) j 

1.48 (0 .15)h 12 .10 (0 .08) a l 2 . 1 0 ( 0 . 6 0 ) b 

PO 
0.020 (0.98)c 

0 . 8 7 0 (0 .02)u 

0 .150 (0.97) c 

1.45 (0.03)b 

Note: Decay time of the a F£(PT), b F '̂(CT) and c F,(LE) flu-
orescence modes are obtained by fitting the experimental points 
to the bi-exponential function. The other rvalues result from a 
mono-exponential fit (see text). 

kCT. A small contribution of a slow component in the 
Fj (LE) fluorescence decay, e.g. in PO, is attributed to the 
proton-transfer emission or the emission of Fries photo-
reaction products [11], 
2. The F2 fluorescence decay curve of I in MCH, CH and 
IP/EE solutions at 298 K are well described by a mono-
exponential fit (see Fig. 4A) with the decay times of 0.88, 
0.87 and 0.83 ns, respectively. An equal rank result can 
be obtained using a biexponential fit. In this case, the flu-
orescence decay profiles consist of a short-time compo-
nent with r = 0.70 ns and a long-time component with 
T= 1.45 ns. The participation factors of the two compo-
nents are: 0.75 and 0.25; 0.78 and 0.28, and 0.85 and 0.15, 
respectively, for MCH, CH, and IP/EE benzanilide solu-
tions. In accordance with our earlier work [ 12] and these 
studies, the above two components identify the 
SI (PT)->SO(PT) and S ; ' ( C T ) S q ( C T ) fluorescence 
decay modes. The above participation factors show a 
good coincidence with the ratio of the F2(PT) to F 2 (CT) 
band intensities. 
3. The F2 fluorescence decay curve of I in rigid (77 K) 
MCH solutions is well described by a monoexponential 
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Fig. 6. Energy level diagram indicating the origins of the three 
competitive fluorescence transitions and supposed transient 
absorption transitions noted for benzanilide and N-methylben-
zanilide. The electronic states of the proton-transfer and TICT 
species are given by dashed and dot-dashed lines. 

fit with a lifetime of 2.95 ns. For the EPA and IP/EE 
matrix, only a bi-exponential fit gives satisfactory 
results. The decay times of the two fluorescence emis-
sion modes in the EPA and IP/EE glasses correspond to 
the fluorescence decay of the Sj (LE) and S"(CT) states. 
The coexistence of these emission modes is supported 
by the results of the total luminescence spectrum 
(Fl + Ph) analysis (see Fig. 2). 
4. The fluorescence decay curve of the longwave fluo-
rescence of II at 77 and 298 K in all solvents used is well 
described by one exponential fit, which indicates the 
presence of the S"(CT) SQ(CT) emission only. We 
believe that the descrepancy between the decay time of 
transient absorption and the F ^ C T ) fluorescence decay 
time is due to transient absorption of photoreaction prod-
ucts and absorption from other then the Si'(CT) state. 

3. Conclusions 

To summarize the experimental data, the energy 
scheme of the ground state and excited species with tran-

sitions studied are given in Figure 6. As it follows f rom 
the energy sheme after excitation, the excited molecule 
undergoes an excited-state proton-transfer reaction, a 
dielectric relaxation process (including a twist of the 
moities to a more planar conformation) or an emission 
from the excited moiety. 

The fluorescence decay time f rom the S ^ L E ) state 
is very short (see Fig. 5C and Table 1) due to the strong 
competition of the excited state proton transfer reac-
tion and the intramolecular charge transfer process. The 
fluorescence emission from the Sj (PT) and S f (CT) -
states persists in the region of nonoseconds. These 
decay times depend on the viscosity (temperature) of 
the solvent. This finding implies that the intramolecu-
lar charge-transfer fluorescence as well as the inter-
molecular double proton-transfer f luorescence [13] 
depend on the twisting possibility of the molecular 
moities. This dependence was proved by other authors 
[14, 15]. The T value obtained for I in M C H at room 
temperature and at 77 K is in good agreement with the 
results of [16] and [17]. 

The picosecond transient absorption measurements 
indicate that this absorption has partly different origins 
for both compounds. The supplementary reasons are: the 
pronounced single band (onset at A s 400 nm, at 
450 nm and cut-off at A = 520 nm) observed for II is not 
seen in the same way in the I spectra. For I, a very broad 
band (onset at A = 400 nm, A ^ at 460 nm and cut-off A 
at 560 nm) suggests that this spectrum consists of more 
than one transition. The time dependence studies of the 
transient absorption is inferred to assign this absorption 
to three independent transitions, e.g. to S"(CT) —» 
S;'(CT) and SQ(PT) S ^ P T ) - » S;(PT), respectively 
(Figure 6). It must be noticed that the fluorescence 
decay time data in connection with the results of spec-
troscopy studies give persuasive arguments that the F 2 

fluorescence band of benzanilide consist of two transi-
tions. 
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