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Abst ract 

The photophysics of a series of N-alkyl- and N-cycloalkyl-substituted 1,2-naphthalimides has been investigated. Fluorescence spectra, 
fluorescence quantum yields and decay times as well as triplet yields are determined in a wide temperature range. The rate coefficients fi~r 
fluorescence are independent of temperature. However, ihe rate of non-radiative processes shows characteristic temperature dependence, 
consisting of a temperature independent and a temperature-dependent component: k,~= k°,,~ + k,,( ~= k°,, + A., expl - E.,./RT), where nr 
desi~mates either intersystem crossing or internal conversion. The temperature-independent component of internal conversion can be associated 
with a direct process in which the electronic energy is dissipated by a single mode, probably an aromatic vibrational mode. Vibrational 
coupling between the two lowest excited states is expected to occur for compounds with N-alkyl- ( or N-cycloalkyt- ) groups of high electron 
donating character, and is expected to increase as the solvent polarity decreases. This results in an efficient and temperature-dependent internal 
corn ersion to the ground state (pseudo-Jahn-Teller effect or proximity effect). The temperature-independent component of intersystem 
cros,ing may be identified with a barrierless transition from the lowest smglet to a lower-lying ~(rmr*) tripk'l state, while the thermally 
acti~ ated isc process is probably a transition to a higher :~( ,Trr* ) triplet state. ((?, 1')98 Elsevier Science S.A. 

Ko'~ords." Aromatic dicarboximides; N-alkyl- and N-cycloalkyl ,;ubstituted 1,2-naphthalimides: Photophysics 

1. Introduction 

The spectroscopic and photophysical properties o! the 1H- 
ben::[e] isoindole-  1,3 (2H)-dione  (further designated as 
1,2-aaphthalimide), 1H-benz [J] isoindole-1,3( 2H)-dione 
(further named as 2,3-naphthalimide) and 1H-benz [ de]-  
i soquinol ine- l ,3(2H)-dione  (further designated as 1.8- 
naphthalimide ) isomers and of their N-substituted derivatives 
have been investigated in recent years [ 1-5].  Significant 
diffi~rences were found between the properties of the N - H  
and N-CH~ compounds [ 1 ] on one band and those of the N- 
aryl derivatives [2 -5]  on the other hand. The former com- 
pounds have been shown I l l  to emil fluorescence around 
39ti) nm and their triplet and fluorescence yields as well as the 
fluo~escence decay times were found to depend considerably 
on the site where the dicarboximide moiety is lixed to the 
naphthalene ring. This was explained by the difference in the 
energy gap between the lowest ' ( rrTr* ) singlet excfied state 
and the above lying 3(nrr*) triplet state. On the contrary, 
some N-phenyl derivatives emit dual fluorescence (with 
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short-wavelength and long-wavelength components around 
390 nm and 495 nm, respectively) and are characterized by 
very efficient internal conversion which results in short flu- 
orescence decay times and in low fluorescence and triplet 
yields 12-5 I. It was proposed that solvent cage and geomel- 
rical relaxations induce efficient internal conversion by virtue 
of pseudo-Jahn-Teller  coupling of the two low-lying excited 
states [51. 

In the present work, we investigate the photophysics of a 
series of N-alkyl- and N-cycloalkyl-substituted 1,2-naphthal- 
imides in a wide temperature range. Fhe aim of the study is 
to reveal how the N-substituent and in particular the electron 
donating ability of the N-alkyl (N-cycloalkyl)  substiluent 
influences the rate of the photophysical processes, first of all, 
the rate of the internal conversion process. 

2. Experimental  details 

N-Methyl- l ,2-naphthal imide was prepared as described 
previously [ 11. The other derivatives were synthesized from 
1.2-naphthalic anhydride (Chemsyn Science Lab.) and the 
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corresponding amine.  All compounds  were purified by thin 
layer chromatography,  n-Hexane solvent was of HPLC grade 
and was used as received. Solution was degassed by several 
f l -eeze-pump-thaw cycles. 

The U V - V I S  spectra were obtained on a Hewlett-Packard 
845 2a spectrometer. Fluorescence spectra,a ere recorded with 
a home-bui l t  f luorimeter equipped with a Princeton 1 140 A /  
B detection system. Fluorescence quantum yields were deter- 
mined relative to quinine  sulfate in I N aqueous sulfuric acid 
solution for which the value of 0.55 was taken [ 6 ]. Fluores- 
cence decay times were measured with time-correlated 
s ingle-photon-count ing technique using an Applied Photo- 
physics SP-3 instrument [7] .  All measurements  could be 
fitted well by assuming single-exponential  ,lecay kinetics. 

At 295 K, triplet yields were determined, lor all compounds  
studied, in XeC1 excimer laser flash photolysis experiments 
with the energy transfer method as descrit.ed in a previous 
paper [ 1 ]. However,  9, I 0-dichloroanthraceae was employed 
as triplet energy acceptor instead of  9,10-dibromoanthracene.  
The use of 9,10-dichloroanthracene offers,, definite advan- 
tages: ( i )  the longer triplet lifetime of the dichloro derivative 
facilitates more precise determinat ion of {tie triplet-triplet 
absorbance after complete energy transfer; t ii ) its lower trip- 
let yield is another advantage because only small correction 
has to be made for the excited triplet formation via direct 
excitation, in these experiments,  N-methyl-  1,8-naphthalim- 
ide in hexane was used as reference compound for which the 
room temperature triplet yield is accurately known 

( 4~ 1 = 1.00) [ I ]. The triplet yields obtaine,l  at temperatures 
different from 295 K were derived by using the triplet yields 
determined at 295 K with the energy transfer method and the 
relative values of the initial ( m a x i m u m )  triplel-triplel 
absorbances at 500 nm obtained for temperatures T and 295 
K. 

Both fluorescence yields and triplet yiekis were corrected 
for the temperature dependence of the absol ption at the exci- 
tation wavelength.  

The quantum yields lor internal conversi, m were obtained 
by assuming qbr+ ¢b~ + ~I9~, = 1 on the basi~ that no reaction 
was ibund  to occur. 

3. R e s u l t s  a n d  d i s c u s s i o n  

~ R  

R = l-adamantyl 
R = 2-adamantyl 
R = norbornyl 
R = t-butyl 
R = cyclohexyl 
R = methyl 

i';c heine 1. 

(N- l -Ada) 
(N-2-Ada) 
(N-Nb) 
(N-t-Bu) 
(N-Ch) 
(N-Me) 

absorption emission 

28.0 320 360 400 440 480 520 

k(nm) 

Fig. 1. Absorption and fluorescc~lc¢ spectra of N-methyl.-1,2maphthalimide 
in ,>hexane a1298 K. 

The photophysical properties and rate coefficients obtained 

at 298 K in n-hexane are give n in Table 1. The rate coefficients 

for fluorescence range bel~,een 4.3 X 106 s ~ and 9.8>: l0 ~' 

s ~ liar all N-substituted derivatives: there is no obvious ten- 

dency in the variation of k, with the structure of the N-sub- 

stituent. Both intersystem crossing and internal conversion 

arc important  deactivation palhways of singlet excited mol- 

ecules at room tempe,ature,  however,  the rate of these F, roc- 

esses varies considerably with the N-subslituent.  Since 

non-radiat ive processes pla> the determining role in the pho- 

tophysics of the investigated compounds,  this causes a sig- 

nilicant variation in the singlet lifetime and fluorescence 

yield. The experimental  dala show a tendency corresponding 

to an inverse correlation between the rate coefficients of the 

non-radiat ive processes and ihe ionization potential of  the 

amine corresponding to the N-alkyl- (N-cycloalkyl- )  group 

UV absorption and fluorescence spectra as well as photo- 
physical properties (f luorescence yields, fluorescence decay 
times, triplet yields and internal conversi ,m yields) were 
determined for the N-alkyl- and N-cycloalkyl - l ,2-naphthal -  
imide series indicated in Scheme 1. 

The absorption and fluorescence spectra uf N-methyl-1,2- 
naphthal imide in n-hexane are presented in Fig. 1. These 
spectra may be considered as representative for all the deriv- 
atives dealt with in this paper. The fluoresce~ce spectra of the 
N-alkyl- and N-cycloalkyl derivatives of 1.2 naphthalimide 
have maxima in the 412M-17 nm range. 

'Fable I 
Photophysical properties and talc u*eflicients for 298 K in n-hcxane 

Compound r q ~, ~l~, ~ q~,, /,:, L~,, 
(lP) (ns) 1107 (107 

s I }  ~ ) 

k i .  

( 10; 
S I ) 

N-1 Ada (7.3) 0.58 0.0057 0.49 0.50 0.98 Y,5 8f~ 
N-2-Ada(7.6) 0.49 0.0045 ~).13 0.87 0.92 27 177 
N-Nb(7.9) 20.7 0.135 0.43 0.44 0.65 2.1 2.1 
N-t Bu (8.2) 1.46 0.1)]l O.g7 OI2 0.74 5g 8.2 
N-('h (8.2) 27.7 11.12 1).61 0.28 0.43 2.2 I.n 

N-Me (8.8} 35.5 0.2¢, ~L55 0.18 (175 l.f~ 0.51 
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}Zig. 2. Arrhenius plot of  k,, k , , .  and k~, for N- I adamantyl-  1,2-naphtha]imide in n-hexane. 
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Fig. ~. AtThenius plot of k+, k ,  , and k ,  for  N-2-adamamyl-1,2. -naphthal imide in n-hexane,  

b 5 

(see the IP 's  ~ indicated in bracket in the first column of the 
tables).  The deviation from the expected order in case of N- 
Nb and N - t - B u  as well as N- I-Ada and N-2-Ada is believed 
to be an apparent one which is due to the inaccuracy' of the 
ionization potentials. (Note the large differences between 
reported IP 's  even in case of simple alkyl arnines[  8 I. ) The 
observed tendency of the reactivity as a function of it,nization 
potentials indicates that the non-radiative processes are 
enhanced by the increased electron donating ability of the N- 
alkyl- (N-cycloalkyl-)  substituent of the naphmalimide 

molecule. 
In order to find out more about the nature of the non- 

radiative processes, the temperature dependence of the pho- 
tophysical properties has been studied in the temperature 
range of either 189-303 K or 189-3313 K, and the ~ate coef- 

I tie IP 's  are rough estimates obtained from semiempirical  t & 'u la t ions  

usir, g the Zindo-1 method which gave reasonably good agreemcnt  with the 

expuriment  1 8 I. 

licients have been obtained as a function of temperature 
(Figs. 2-7) .  The rate coefficients for lluorescence are tem- 
perature-independent, however, those of the non-radiative 
processes show characteristic temperature dependences. Both 
the intersystem crossing and the internal conversion rate coef- 
licients consist of a temperature-independent and a temper- 
ature-dependent component: 

,,~=k ,,, + k , , , = k  ,,, + A , ,  exp  /R7  (1)  

where nr designates either intersystem crossing or internal 
conversion. 

The temperature-independent rate coefficients for inter- 
system crossing I k°,~ ) and internal ~:onversion ( k°,~. ), as well 
as the temperature-dependent rate parameters lk}r isc I k,~;) 
and ic (ki, r ) were obtained by litlmg Eq. ( I ) type functions 
to the experimental data. Rate coelficients for 189 K and 303 
K are given in Table 2 te represeul typical low temperature 
and high temperature kinetic da ta  
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Fig. 4. Arrhenius pio! of kt, k,,,. and ki~ lk)r N-norb~rnyl-1.2-naphtha]imide in n-hcxane. 
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Fig. 7. Arrhenius plot o f  k. ,(,.,. and k,, ~\~r N-methyl - ] ,2-naphthal imide in n-hexane. 

T a b k  2 
Temperature-independent (k °) and temperature-dependent (k 7 ) ralc coefficients for non-radiative processes in n-hexane 

Compound ( IP ) lntersystem crossing Internal conversion 

N- l-~.da (7.3 

N-2-~,da (7.6) 
N-Nb (7.9) 
N-t-Eu (8.2) 

N-Ch (8.2) 

N - M ( ( 8 . 8 )  

7.2 7.9 84 1.6" 4.12! 1030 

1.6 2.2 27 1.6" 29.3 2050 
1.5 < 0.1 (!.68 1.6 0.22 24 

7.8 0.9 60 1.6" 1.88 88 
1.3 < 0. l 10  1.9 0.26 10 

1.1 < 0.1 0.50 1.3 <0.1 4.5 

"Assmned value (see text ). 

Rate coefficients for fluorescence are not included in the 
tablc since they are invariant in the investigated temperature 
range (and are independent of the N-alkyl substituent, see 
above).  The k°~ and k°~ temperature-independent compo- 
nent s of the rate parameters of  the non-radiative processes do 
not change significantly from one compound to th~" other. 
This was verified experimentally for k':'~ in case of most of  
the compounds studied, which gave an average of  
k°i~. = (1.4_+0.3) X 10 v s ~. However, significantl) higher 
values were obtained for two compounds (N-1-Ada and N-t- 
Bu ) where the alkyl group is connected to the N-atom :hrough 
a te~'tiary C-atom. (This deserves further investigations.) 
Regarding the internal conversion rate coefficients, ~,ccurate 
k°i~ values could be determined in the available temperature 
range only for N-Me, N-Ch and N-Nb, which gave an average 
of  k ~ . = ( 1.6 + 0.3) X l 0 6  S--I .  For the rest of the corn pounds, 
meamrements  at temperatures below 189 K would have been 
required to obtain reliable rate coefficients, however, the 
free;:ing of the solvent limited the usable temperatur,.' range. 
The temperature-independent internal conversion could be 
well represented by a single value of k':'ic = 1.6 × 10 ~' s ~ for 
all (,t" the compounds studied. Therefore, curve fitting and 
extraction of k J  from the experimental data was carried out 
for N- l -Ada ,  N-2-Ada and N-t-Bu with a fixed k°,~ ~alue of 
1.65:106 s 1 

The temperature-dependent components of both the i sc and 

the ic processes vary in the series: the k.f  values increase 
with increasing electron donating ability of the N-alkyl- (N- 

cycloalkyl-)  group, for which the decrease of  the IP 's  of the 

appropriate N-alkyl- (N-cycloalkyl-)  amines is considered 

an appropriate measure. Therefore, we conclude that the cor- 

relation between the overall rate parameters of  the non-radi- 

ative processes and the amine ionization potentials actually 

reflects an inverse correlation between the temperature 

dependent component of the rate coefficient of isc (k 1 ~(. ) and 

ic ( k ~ ~) on one hand and the amine ionization potentials on 

the other hand. 

Considering the kinetic data presented in Table 2, the tem- 
perature-independent non-radiative processes (i.e., those 

characterized by the rate coefficients k°,~ and k°~.) are 
expected to be dominant at very low temperatures. Even at 

189 K (the lowest temperature of  our measurements) ,  the 
temperature-independent processes are rate determining for 

the naphthalimides with N-alkyl- (N-cycloalkyl-)  substitu- 

ents of small electron donating ability ( i.e., N-Me, N-Ch, N- 
Nb and N-t-Bu),  while the rate.~ of the temperature- 

independent and temperature-dependent non-radiative proc- 

esses are roughly comparable for the two adamantyl deriva- 

tives. Since k°~. > k°~,., the dominanl photophysical processes 
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at low temperatures is the temperature-independent intersys- 
tem crossing from the excited singlet to the triplet state. 

At higher temperatures (i.e., around 303 K and above). 
the greater contribution to the rate of non-radiative processes 
comes from the temperature-dependent reactions. This is 
especially so for the adamantyl derivatives characterized by 
N-cycloalkyl substituents of high electron donating ability 
( see Table 2 ). 

Because derivation of the Arrhenius parameters for the 
temperature-dependent isc and ic processes required fitting 
of a three-parameter equation (see Eq. ~ 1 ) ). only rot, gh 
estimates were obtained for theA-factors and activation ener- 
gies. The most important conclusion which emerges from 
these estimations is that the variation o f  the rate o f  the tem- 

perature-dependent  intemud conversion (k,, ~ ) is determined 

by the variation o f  the A- l iwtor  rather thaa that o[ the acti- 

vation energy. 

The activation energies of the ic processes range between 
15 and 23 kJ tool l and show no systematic variation while 
the &~-factors increase by more than two orders of magni- 
tudes from the N-methyl (approx. 10 m s ') to the N-ada- 
mantyl derivatives with increasing electron donating ability 
of the substituent (Ai,./10 I° s i = 2.0 (N-Me), 0.6 (N-Ch),  
4.0 (N-t-Bu), 6.3 (N-Nb), 160 (N-2-Ada), 630 1 N- I-Ada) ). 
Moreover, the variation of the temperature-dependent inter- 
system crossing rate (k~: J) largely depend~ on the activation 
energies. Thus, the relatively low activation energies of the 
N-adamantyl derivatives (approx. 10 kJ m~)l ~ ) and of N-t- 

Bu (approx. 16 kJ tool ~ ) explain the high isc rate coefficient 
of these compounds. 

The two components of ic and isc in the rate coefficient 
expression (1) indicate that both internal conversion and 
intersystem crossing are achieved along t~o pathways, one 
is a temperature-independent reaction and the other one is a 
thermally activated process. 

The temperature-independent component of internal con- 
version can be associated with a direct process in which the 
electronic energy is dissipated by a single vibrational mode. 
Since the k°~, is found to be practically independent of the N- 
alkyl structure, the dominant vibrational mode is expected to 
be one of the vibrational modes of the 1.2-naphthalimide 
moiety, probably an aromatic vibrational mode 19,10]. 

The efficient internal com, ersion obserx.ed in the photo- 
physics of N-phenyl-naphthalimides has been explained by 
solvent cage and geometrical (twisting) relaxation induced 
pseudo-Jahn-Teller coupling of the low-lying singlet excited 
states (proximity efteel) [5].  However, in case ol' N-alkyl- 
1,2-naphthalimides, the two lowest unrela~,ed singlet states 
may be well separated, therefore, the possibility of relaxation 
induced vibronic interaction between these states requires 
careful consideration. 

In the explanation of the effect of the N-alkyl- (N-cyclo- 
alkyl-) substituent on the photophysics we a.,,sume--in acco f  
dance with the model suggested for the N-phenyl- 
naphthalimides [5 I - - tha t  the electron transfer in the S, ,- ,  S~ 
transition occurs from the naphthalene moiety to the "a-* orbi- 

tals of  the carbonyl groups giving a S~ singlet state (of  ~A~ 
symmetry), while electron transfer in the S,, ~ $2 transition 
occurs from the amine moiety to the ~* orbitals of the car- 
bowl  groups resulting in a $2 singlet state (of  ~B~ symmetry ). 
Therefore, a change of the N-alkyl substituent is expected to 
change the energy of the S, state. 

The position of the excited state energy levels of N-Me in 
polar solvents were estimated [1 ] and the energy gap 
between S j(7r~r*) and S:.lnTr*) was found to be around 63 
kJ m o l  ~. The change of the solvent from a polar to a non- 
polar one is expected to increase the energy of the 7r~-* state 
and decrease considerably that of the nTr* state (see for 
instance the case of fluorenone where this effect causes a 
reversal in the order of the two lowest singlet excited states 
[11]) .  Therefore, the gap between the S~(,-r~-*) and 
S:.(nTr*l singlet excited states of N-Me m n-hexane (the 
solvent used in the presenl work) is expected to be signifi- 
cantly smaller than in a polar solvent. Nevertheless, the sep- 
aration of S~ and S_~ rem',uns probably big enough to exclude 
considerable interaction between the two lowest singlet 
excited states of N-Me. However, replacement of the N-Me 
group by other groups of higher electron donating ability 
results in a decrease of the S, state energy and consequently 
in a vibronic coupling of the two lowest singlet excited states 
in n-hexane. This coupling is expected to be weaker in case 
of compounds ]~LCh, N-t-Bu, and N-Nb, while it is stronger 
for the two adamantyl derivatives characterized by N-sub- 
stituent groups of high elcctr()n donating ability. 

As a consequence of the vibronic coupling of the two low- 
lying excited states, eflicient internal conversion is expected 
to occur ( pseudo-Jahn-Teller effect 112, 13 ] or proximity 
effect [14] ). Internal conversion efficiency depends on the 
extent of coupling and hereby on the electron donating ability 
of the N-substituent. 

Two consequences, which are in accordance with the 
experimental observations, immediately derive from this 
model: (i) '~ibrationat coupling between the two lowest 
excited states is expected to be stronger and radiationless 
decay to be more efficient for compounds with N-alkyl groups 
of  higher electron donating character: (ii) if vibrational cou- 
pling results in a very low' li'cquency of the vibronically active 
mode in the lower state, this causes a strong temperature 
dependence of internal conversion, because the excited levels 
of the active mode are thermally populated to a great extent 
[15-17] .  This explains the temperature-dependent compo- 
nent of internal conversion. 

The fact that intersystem crossing ,just like internal con- 
version consists of a temperature-independent and a temper- 
ature-dependent component may suggests that isc and ic have 
something common in their mechanisms. 

The information available on the triplet state energies of 
the N-alkyl- 1,2-naphthalimides is very meagre which renders 
interpretation of the experimental results difficult. An esti- 
mation of the singlet and triplet energy levels of N-methyl- 
1,2-naphthalimide in acctonitrile [ 1 ] shows the h)west triplet 
state (a a-rr* state) to be b~'low and the second triplet state 
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(a n ,'r* state) to be above the lowest rr~* singlet state. The 
temperature-independent component of intersystem crossing 
may be identified with a barrierless transition from the lowest 
singlet to a lower-lying triplet state. The S I-T~ energy' gap is 
probably similar for all investigated compounds which 
explains the constant k°,~ rate coeflicients in the series. The 
thermally activated intersystem crossing process is prt~bably 
achieved by singlet state coupling with a higher triphtt level, 
how,tver, further research is required to reveal the nature of 
this process. 
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