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Intramolecular Charge Transfer in Dual Fluorescent 4-(Dialkylamino)benzonitriles.
Reaction Efficiency Enhancement by Increasing the Size of the Amino and Benzonitrile
Subunits by Alkyl Substituents
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The intramolecular charge transfer (ICT) reaction from the locally excited state (LE) to the charge transfer
state (CT) in the singlet excited state is investigated for the dual fluorescent 4-(dialkylamino)benzonitriles
DRABN and 4-dialkylamino-2,6-dimethyl-benzonitriles RDB (Rmethyl, ethyl,n-propyl) in toluene as a
function of temperature by photostationary and time-resolved experiments. The efficiency of the ICT reaction,
as expressed by the CT/LE fluorescence quantum yield €{{GT)/®(LE), is enhanced by the increase in

the size of the dialkylamino group as well as by the presence of the two extra methyls in the phenyl ring.
This increase is mainly brought about by slowing down the thermal back reakfjatué to a larger activation
energyEqy or a smaller preexponential factky, respectively. The free enthalpy chany& becomes more
negative {6 kJ/mol) for 4-(diethylamino)benzonitrile (DEABN) and 4-(difropyl)amino)benzonitrile
(DPrABN) as compared with 4-(dimethylamino)benzonitrile (DMABN) and also for the 4-dialkylamino-2,6-
dimethylbenzonitriles EDB (ethyl) and PrDB-propyl) relative to MDB (methyl). The\G is about 2 kJ/

mol more negative for RDB than for DRABN. In both series DRABN and RDB, the ICT stabilization enthalpy,
—AH, increases from R= methyl ton-propyl. The increase in the ICT rate constipfor the pairs DEABN/
DMABN and EDB/MDB is primarily caused by a larger preexponential fakfbcounteracted but not reversed

by a likewise larger activation enerds,. For the dependence of the enefg{CT) of the CT state on the
difference between the redox potentials of the dialkylamino and benzonitrile moieties in DRABN and RDB
a substantially smaller correlation coefficient (0.29) is found than the value of 1.0 expected for the TICT
model, showing that the amino and benzonitrile groups in the CT state are not electronically decoupled. The
energyoE, of the Franck-Condon ground state reached upon CT emission decreases with increasing size
of the dialkylamino group in DRABN and RDB.

Introduction SCHEME 1
4-(Dimethylamino)benzonitrile (DMABN) has over the years hv
become the favorite example of a dual fluorescent molekcile. k
Since the discovery that this molecule emits from two different LE == CT
intramolecular singlet excited statea,locally excited state LE / d \
and a charge transfer state CT, several mechanisms have been 1/7, (k) (k) 1+,

published to explain this phenomenb#r® The original
hypothesis put forward by Lippert in 1959 was based on a thereby assumed to be electronically decoupled from the rest
solvent polarity induced reversal of the two directly populated of the molecule: the “principle of minimum overlag?.
lowest excited stateS; andS,. Although it was pointed out  Recently®=7 evidence has been presented that the amino and
that a small energy gai\E(S,S) was essential for the  benzonitrile moieties in a series of dual fluorescent 4-aminoben-
appearance of the dual emission, the molecular configuration zonitriles are in fact not decoupled in the CT state. It has been
of the two emitting states was not discusSedilternative shown that the configurational change of the amino nitrogen
reaction mechanisms, proposed later, specifically address thefrom pyramidal toward planar is an important reaction coordi-
molecular structure of the CT stateThis structure and also  nate in the ICT reaction of these molecules and no evidence
the dynamics and the exact pathway of the+ECT reaction was found supporting the importance of a rotation of the amino
(Scheme 1), however, have not been completely clarified. group®-? In the “planar intramolecular charge transfer” (PICT)
In Scheme 1k, andkg are the rate constants of the forward model based on these results, it is assumed that the relaxed CT
and backward intramolecular charge transfer (ICT) reaction, state has an essentially planarized structure, with a less
respectively. 7o (LE) andzy (CT) are the fluorescence lifetimes.  pyramidal amino nitrogen atom and different bond lengths than
The radiative rate constarits(LE) andk;' (CT) have also been  in the LE state, resulting in a larger dipole momé&nt:
indicated. In the “twisted intramolecular charge transfer” Because experimental methods to determine the molecular
(TICT) model, a 90 twist of the dimethylamino group with  structure of excited states such as LE and CT in solution are
respect to the phenyl ring was considered to have occurred innot readily available, the reasoning leading to the TICT and
the CT state of DMABN. The dimethylamino group was PICT models just discussed is of an indirect nature. The TICT

S1089-5639(98)00426-5 CCC: $15.00 © 1998 American Chemical Society
Published on Web 05/05/1998



Charge Transfer Enhancement in 4-(Dialkylamino)benzonitriles

J. Phys. Chem. A, Vol. 102, No. 28, 1998671

hypothesis was based on the photophysical behavior of two 2,6-dimethyl-benzonitrile (EHDB; mp, 91.6C), and 4-(-

kinds of model compounds, in which either the rotation of the
amino group was blocked (supposed to mimick the LE state)
or this group was pretwisted in the ground state by one or two
methyl groups in ortho position, which was intended to be a
model for the CT staté3 The PICT model in its turn was
thought to find support from the strong decrease of the ICT
efficiency with ring size in a series of 4-aminobenzonitriles in
which the amino group is part of an eight- to three-membered
heterocyclic rin° The increase of the ICT rate constdat
with the length of the alkyl groups (methyl tebutyl)?92.12.13

in the 4-(dialkylamino)benzonitriles also leads to the conclusion
that a rotation of the dialkylamino group is not likely to be the
determining factor in the formation of the CT state. In addition,
it has been found that DMABN and 4-(diethylamino)benzonitrile
(DEABN), for example, are dual fluorescent in ethanol glasses
below the glass transition poift,which provides evidence

against the occurrence of a large amplitude motion during the

ICT reaction of these molecules.

In the three 4-dialkylamino-2,6-dimethyl-benzonitriles MDB
(methyl), EDB (ethyl) and PrDB rtpropyl), with methyl
substituents on both sides of the cyano group, the CT/LE
fluorescence quantum yield ratd'(CT)/®(LE) in toluene at
25 °C increases with alkyl chain length. Furthermore, under
the same conditions, this ratio is larger for MDB than for
DMABN.%7 These results show that the efficiency of the ICT
reaction in the 4-aminobenzonitriles becomes larger upon
increasing the size of the amino group as well as of the
benzonitrile moiety. Although the introduction of, for example,

R R R R
MDB R =CH, DMABN R =CHj
EDB R =CjH; DEABN R =C,Hjs
H,C CH,
S PrDB R =n-C3H, DPrABN R =n-C3H,
U i
N

the two methyl groups in MDB indeed increases the size of the
benzonitrile group as compared with DMABN, it should be

realized that the presence of these substituents has addition
consequences, like reducing the electron affinity of the ben-
zonitrile moiety~” and leading to a decrease in the energy gap
AE(S,S), as seen from the absorption spectra and the LE
emission ban@’ The introduction of additional substituents

in molecules designed to act as model compounds can lead t

changes different from those being envisaged. This is especially

of importance when vibronic coupling between two close-lying
excited states governs the photophysics, as has been propos
in the case of DMABN?®

In the present paper, an investigation is presented of the

kinetic and thermodynamic parameters for the ICT reaction in
the series MDB-PrDB, abbreviated as RDB (R methyl, ethyl,
n-propyl), and in the group DMABN to 4-(di¢propyl)amino))-
benzonitrile (DPrABN), named DRABN.

Experimental Section

Solutes and Solvents.The compounds DMABN (Aldrich)
and DEABN (K&K) were obtained commercially. 4-(Methyl-
amino)benzonitrile (MABN) and DPrABN were synthesized as
described beforé. MDB (mp, 90°C), EDB (mp, 85.5C), and
PrDB (liquid) were made by alkylation of 4-amino-2,6-dimethyl-
benzonitrile (ADB) with the corresponding alkyl iodide using
a procedure described previoudfy.Also formed during this

reaction are the monomethylaminobenzonitriles 4-methylamino-

2,6-dimethyl-benzonitrile (MHDB; mp, 11%C), 4-(ethylamino)-

propyl)amino-2,6-dimethyl-benzonitrile (PrHDB; mp, 7€).
These compounds are separated from the dialkylamino deriva-
tives by chromatography over &; with cyclohexane/CHGI
(1:1). ADB was obtained from a reaction between 4-bromo-
3,5-dimethylaniline (BDA) and CuCN in 2-pyrrolidinone by
stirring the solution for 4 days at 13&. To synthesize BDA,
3,5-dimethylaniline (Aldrich) was converted with acetyl chloride
to 3,5-dimethylacetanilide. This anilide was brominated in
glacial acetic acid and finally treated with agqueous HCI. All
compounds used in the fluorescence measurements were purified
by HPLC. The solvent toluene (Merck; Uvasol) was refluxed

H_ _H HL - O NP
H)C CHy H\C CH, HiC CH,
¢ ¢
[} il i
N
ADB MHDB PHDB

over potassium, just prior to user-Pentane (Merck; Uvasol)
was used as received. The solutions for the fluorescence
experiments were freed from oxygen by bubbling with nitrogen
(15 min) or were deaerated by the freez@imp-thaw method
(five cycles). Solute concentrations weregl x 107> M.
Fluorescence Experiments.The fluorescence spectra were
measured with a quantum-corrected Shimadzu 5000PC spec-
trophotometer. Fluorescence quantum yields were determined
with quinine sulfate in 1.0 N k50, as a standardd = 0.546
at 25 °C).1> The nanosecond time-resolved single-photon
counting (SPC) measurements listed in Table 1 were carried
out with an apparatus described previou$lyThe decay times
were determined at wavelengths where only fluorescence of
either the LE {340 nm) or the CT state~470 nm) occurs.
The picosecond fluorescence decays were obtained employing
a system consisting of an argon ion laser (Coherent, Innova

a}00-10), a dye laser (Coherent 762CD; Rhodamine 6G),

and a frequency doubler (Lil§) 297 nm)¢ Alternatively, a
mode-locked titanium-sapphire laser (Coherent, MIRA 900-F)
pumped by an argon ion laser (Coherent, Innova 415) was used.
The fluorescence and scatter records were detected with a

dlamamatsu R2809U-07 or R3809U MCP photomultuplier

(—3300 or—3100 V). The instrument response function has a
width of ~30 ps at the excitation wavelength. The analysis of

die fluorescence decays was carried out as reported earlier by

using modulating functions, extended by global anali/4is.

Results and Discussion

Absorption Spectra and Energy Gap betweerts; and S,.
The absorption spectra of ADB and its derivatives PrHDB and
PrDB inn-pentane at 28C are shown in Figure 1a. With ADB,
the relatively weak and slightly structur&lband between 280
and 310 nm is clearly separated from the stronger structureless
S absorption with a maximum around 265 nm. A similar
behavior has been reported for 4-aminobenzonitrile (ABN),
MABN, and DMABN.2 The energy gap\E(S,S,) betweenS,
and$; is smaller for PrHDB and, in the case of PrDB, the two
bands strongly overlap, the vibrational structur&plbeing still
visible on the long-wavelength slope of the absorption spectrum
(Figure 1a). With PrDB in toluene, this slope is completely
smooth, indicating thahAE(S;,S) has become smaller than in
n-pentane.
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TABLE 1: Spectroscopic Data for 4-(Dialkylamino)benzonitriles in

Il'ichev et al.

Toluene at 25°C

parameter MDB EDB PrDB MHDB DMABN DEABN DPrABN MABN
E(LE) [cm™Y]2 31350 31050 30900 (32000) 31070 30880 30670 (31600)
hvma(LE) [em™Y] 28840 28840 28800 29700 28560 28500 28500 29380
hyma(CT) [cm™] 24760 24700 25160 — 24420 24560 24750 —
hvma{abs) [cnTl]e 33330 33000 32900 (35300) 33800 33430 33330 (34800)
A(1/2) [enm e 4400 4100 4100 — 4200 4000 4000 —
hvma{(abs)— E(LE) [cm™] 1980 1950 2000 (3300) 2730 2550 2660 (3200)
e[IM-tcme 26400 27900 27800 22400 26600 31100 30000 26100
@'(CT)/D(LE) 0.27 2.88 4.82 0.0 0.12 1.76 3.51 0.0
®(LE) + @'(CT) 0.105 0.048 0.062 — 0.143 0.055 0.059 —
®(LE) 0.083 0.012 0.011 0.18 0.127 0.020 0.013 0.26
@'(CT) 0.022 0.036 0.051 0.0 0.016 0.035 0.046 0.0
AH(SB) [kJ mol] -10.9 -11.1 -13.3 - -7.2 -9.2 -11.2 -
E«(SB) [kd/mol] —f 135 13.0 — —f 14.7 12.7 —
E«(SB) [kJ/mol] —f 24.6 26.3 — —f 23.9 23.9 —
T(SB) [°C] —f —40 -31 - —f —49 —42 —
ki'/k: (eq 5) 0.30 0.27 0.47 — 0.33 0.26 0.50 —
k [107 s7Y 7.0 7.0 5.5 6.8 5.7 6.2 4.0 7.4
ki [107 s7Y 2.1 1.9 2.6 — 1.9 1.6 2.0 —

aEnergy of the crossing point of the overlapping absorption and fluorescence bands, equalized at their nfaQanumot be determined accurately
because of overlap with toluene absorptibNMaximum of absorption band (Figure F)Spectral width at half maximum of the CT emission band

at around—72 °C in toluene.® Extinction coefficient inn-heptane Cannot

be determined as the LTL limit (eq 7, see text) occurs at temperatures

below the melting point of toluene-95 °C). 9 ki = ®(LE)/z, calculated with the fluorescence lifetimgeof MHDB (2.68 ns) or MABN (3.60 ns)

in toluene at 25C (see ref 37).
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Figure 1. Absorption spectra im-pentane at 25C of (a) 4-amino-
2,6-dimethyl-benzonitrile (ADB), 4r¢propyl)amino-2,6-dimethyl-ben-
zonitrile (PrHDB), and 4-dig-propyl)amino-2,6-dimethyl-benzonitrile
(PrDB), and of (b) PrDB and 4-dif(propyl)amino)benzonitrile
(DPrABN).

In Figure 1b the absorption spectrum of PrDBripentane
is compared with that of DPrABN, showing that the lowest
energy absorptiory) of PrDB is blue-shifted, whereas the main
band &) is red-shifted with respect to DPrABN (see Table 1).
This result means that the energy g&i(S;,S) becomes smaller
upon introduction of the two methyl groups next to the cyano
substituent in PrDB. A similar observation is made for the two
other pairs MDB/DMABN and EDB/DEABN (Table 1).

Fluorescence Spectra.RDB and DRABN.The fluorescence
spectra of MDB, EDB, and PrDB in toluene at 2& are
presented in Figure 2a. The fluorescence quantum yield ratio
@'(CT)/P(LE) becomes substantially larger with increasing
length of the amino alkyl substituent from MDB to PrDB (Table
1). A similar enhancement is observed for the series DMABN,
DEABN, and DPrABN in toluen®& (see Figure 2b and Table

«— A [nm]
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Figure 2. Fluorescence spectra of (a) the 4-dialkylamino-2,6-dimethyl-
benzonitriles MDB (methyl), EDB (ethyl), PrDB{propyl), and (b)

the 4-(dialkylamino)benzonitriles DMABN (methyl), DEABN (ethyl),

and DPrABN (-propyl) at 25°C in toluene. The CT and LE emission
bands (see text; Scheme 1) were separated by taking the fluorescence

1) and in other solvents, such as cyclohexane, benzene, antpectrum of 4-methylamino-2,6-dimethyl-benzonitrile (MHDB) and

diethyl ethe®6b:10 From a comparison of Figure 2a and 2b it
is seen tha®'(CT)/®(LE) is larger for MDB than for DMABN.
The same holds for the two other pairs, EDB/DEABN and
PrDB/DPrABN. These differences are observed over a large
temperature range in toluene, from 90+@0 °C.1° The data
show that the overall efficienéy of the LE— CT reaction is
increased by lengthening the amino alkyl groups as well as by

4-(methylamino)benzonitrile (MABN), respectively, to represent the
emission of the LE state.

introducing the two methyls in the phenyl ring of the (dialkyl-
amino)benzonitriles. Note that both structural changes enlarge
the size of either the amino or the benzonitrile subunits of these
molecules.
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Condon (FC) state reached by CT fluorescence relative to the
energy of the separate molecukesindD in their equilibrated

ground states (see eq 3 and Figure 3).
ANy Dp———o—/ N\ [

l‘“’ e ~AH=E(S) - E(X DY) @)
E 4 h™(CT) = E(S) — (—AH + OB ep) 3)
AE ('A*)  E(A"D%) ho
By combining egs 13, hv™CT) can be expressed as a
function of the redox potential&(D/D") andE(A~/A) and the
A — ground-state repulsion energ¥ep

r(A.D)——

ma _ + - _
Figure 3. Schematic potential energy diagram for intermolecular hw X(CT) =E(D/IDY) —EA /A 6Erep+ c @
exciplex formation and fluorescence. From an electron acceptor in the
singlet excited stateA* and an electron dondd, the exciplex(A"D*) A linear correlation betweemm™2{CT) and the difference
is formed with a stabilization enthalpy differeneeAH(A"D™"). The E(D/D*) — E(A/A) clearly will only exist when the ground

Franck-Condon (FC) state reached upon emission from the exciplex tat Isi . tant 4 hich | t
(energy of the CT emission maximum "®(CT)) is destabilized with state repulsion energyErep is constant (eq 4), which is not a

respect to the equilibrated pair of ground-state molecudes D) by priori the case for exciplexés.

the repulsion energyErp Energies of CT Emission Maxima of RDB and DRABN.
The CT emission maxima of the 4-aminobenzonitriles, MDB
PrDB in toluene have energies 6f25 000 cnt! (Figure 2a
and Table 1), somewhat increasing from MDB to PrDB. A
similar increase is found when going from DMABN to DPrABN

Energies of CT Emission Maxima in Terms of the Redox
Potentials of D and A Subunits. The energyhv™®{CT) of
the CT emission maximum of dual fluorescent molecules
such as DMABN has been discussed as a source of informa-, . ; m
tion on the structure of the CT statk.In the TICT model, (Figure 2b), with lowertw™(CT) values than for the former

DMABN is treated as &—A structure, in which the electron group of moleculeg ) o

donor ) and acceptor/) parts are considered to be linked ~_ The peak potentig(D*/D) of tri(n-propyl)amine is smaller
together by a single borfd. The D and A groups are taken (O.56Vvers_us_SC_E) than that of trimethylamine (0._83Vversus
to be the dimethylamino and benzonitrile moieties, respec- SCE)>?*#’ indicating that the former compound is a better
tively.2223 In the TICT model it is postulated, as already electron donor. WhenSErep is constant, this difference in
mentioned, that th® and A groups in the CT state of a dual  E(D/D™) should, within the context of the TICT model (see eq
fluorescent molecule such as DMABN are perpendicularly 4). lead to a substantial red-shift 62200 cn1* for hw™{(CT)
twisted relative to each other and therefore are electronically Of, for example, PrDB relative to MDB! This red-shift is
completely decoupled As a logical consequence of this clearly different from the blue-shift of 400 crhobserved here
model, it was then concluded that™®{CT) should be linearly ~ (Table 1). Also for DPrABN compared with DMABN, such a
correlated with the differencg(D/D*) — E(A~/A) of the redox ~ blue-shift (330 cm?) is found.

potentials of theD andA subunits?! The reasoning was based The presence of the two methyl groups on the phenyl ring of
on the assumed analogy between the intramolecular CT statethe molecules RDB, similarly leads to a small blue-shif800

of a dual fluorescent molecule and an intermolecular exciplex cm~1) of the CT emission maximum compared with DRABN
(A~D™), in which the coupling between tifeandD partners is (Table 1). Although in this case the direction of the shift would,
weak. From the absence of dual fluorescence with dicyano from the TICT point of view, be in accord with the more
derivatives of DMABN it has been concluded, however, negative reduction potential (weaker electron accepting proper-
that the appearance of dual emission cannot be predicted onties) of the dimethylbenzonitrile subunit2.48 V versus SCE)
the basis of the redox potentials of parts of the aminobenzo- in these molecules relative to the benzonitrile grou@.41 vV

nitriles5-8 versus SCEj}®8 the extent of the spectral shift is only about half

Emission Maxima of Intermolecular Exciplexes and Redox of that expected for this decrease when the linear correlation
Potentials. For intermolecular exciplexesA{D™) with full with the redox potentials (eq 4), in the case of consédnt,,
charge transfet* the exciplex energyE(A-D™) is linearly would exist28—30

correlated with the difference between the oxidation potential
E(D/D") of D and the reduction potenti&@(A~/A) of A (eq 1),
meaning that in a series of exciplexes with a common donor
for example, the correlation coefficient betwelgfA-D*) and
—E(A7/A) is equal to unity.

Aminobenzonitriles. No Linear Correlation of hm&{CT)
with Redox Potentials.The energiesw™{(CT) of a group of
" dual fluorescent 4-aminobenzonitriles and 4-amino-2,6-di-
methyl-benzonitriles in diethyl ether and acetonitrile do not show
a linear correlation with the redox potentials of their amino and
—mh T _ benzonitrile subunit3® The exceptionally large red-shift of the
E(AD)=EDID)-EA/AN+C @) CT emission maximum observed for, for example, 1-(4-
The constanC in eq 1 depends on solvent polarity as well as Cyanophenyl)-4-methyl-piperazine (P6N) has been attributed to
on the specific molecular nature of the CT state and was IS large repulsion energyEe,°

experimentally determined to be equal to 0.15 eViHnexane: It is obvious therefore that the influence of the redox
the Weller equatiod?®25 The energy of the exciplex emission properties of thed andD subgroups in aminobenzonitriles on
maximumhy™@{CT) is the difference between the enekgfi5) their fluorescence spectra and ICT behavior cannot be properly

of the lowest singlet excited statAE(*A*) for the pairA + D discussed on the basis b#M®{CT) data alone. To do so, the
in Figure 3) and the sum of the exciplex stabilization enthalpy energyE(CT) of the CT state itself and hence its stabilization
—AH (defined by eq 2) and the energ¥e, of the Franck enthalpy—AH (eq 2a) must be known. These data can only
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In(®'/d)

RN 4 5
1000/T [K''] —
Figure 4. Plots of the natural logarithm of the CT/LE fluorescence
guantum yield ratio®'(CT)/®(LE) versus the reciprocal absolute
temperature 1000/(K), Stevens-Ban plots (eq 5), for the 4-dialkyl-
amino-2,6-dimethyl-benzonitriles MDB (methyl), EDB (ethyl), and
PrDB (n-propyl), and the 4-(dialkylamino)benzonitriles DMABN
(methyl), DEABN (ethyl), and DPrABN r{-propyl) in toluene (see
Figure 2). The HTL (eq 6) and the LTL slopes (eq 7) are drawn through
the data points (see text).

FN.

be derived from time-resolved experimefts? to be discussed
in a later section.
—AH =E(S) — E(CT) (2a)

Fluorescence Spectra as a Function of TemperatureThe
ratio ®'(CT)/®(LE) was determined in toluene as a function
of temperature for MDB, EDB, and PrDB (see Figure 4a),
as well as for DMABN, DEABN, and DPrABN (see Figure
4b). The results are plotted as ®I(CT)/®(LE)) against
the reciprocal absolute temperature: a so-called Stev@as
plot3?

Il'ichev et al.

For a reaction as described by Scheme 1, the following
expression (eq 5) holds,

QCT)_Ki[CT] _Ki Kk
DLE) Kk [LE] ki (kg + L/g)

(%)

where [CT] and [LE] are, respectively, the photostationary
concentrations of CT and LE:3?

Two limiting conditions can be distinguished, a high-
temperature limit (HTL) withky > 1/, and a low-temperature
limit (LTL) with kg < 1/r5.33

P(CT) Kl
B(LE) % K, (HTL) (6)
@'(CT)_Ky

From the slope—~AH(SB)R (eq 6), of a StevensBan plot
under HTL conditions, the reaction enthalpyAH can be
determined, provided thét /k: does not depend on temperature.
The activation energk, of the forward ICT reaction is obtained
from the LTL slope—E4(SB)R (eq 7), whenk{'/k; andz, are
temperature independent. It is further tacitly assumed in this
treatment thaE, andEy, and hence-AH (= Eq — Ey), do not
change with temperature (vide infré)3> The temperature at
which the maximum value ab'(CT)/®(LE) is reached (Figure

4), is related to the temperatufe at which the HTL and LTL
lines intersect. This crossing is reached when= 1/t
independent of assumptions on the temperature dependence of
ki'/k: or 7o' (see eqs 6 and 7). In a Stevei&an plot of a system
governed by Scheme 1, the vertical distance between the HTL/
LTL intersection and the experimental §p((CT)/®(LE)) curve

(eq 5) is equal to In 2, a useful diagnosti®. The parameter
Ter, different from AH(SB) andE(SB), does not depend on
ke Iks.

TABLE 2: Kinetic and Thermodynamic Data for 4-(Dialkylamino)benzonitriles in Toluene

parameter T[°C] MDB EDB PrDB DMABN DEABN DPrABN
71[ns] 2.40 2.13 221 (3.18) 2.60 2.76
72 [ns] +20 0.027 0.025 0.024 (0.0%6) 0.020 0.018
AsdArs (e 16) 0.57 12.1 17.2 (0.4) 7.9 9.5
ka[10° s7Y] (24 38 41 (183 44 50
kq [10°s7Y] +20 (23} 3.1 24 (45) 5.6 5.3
7’5 [ns] (2.0p 2.0 21 2.9 25 2.7
71 [NS] 2.66 2.31 2.40 3.44 2.93 2.87
72 [ns] -20 0.049 0.047 0.040 0.042 0.041 0.032
AwlA (eq 16) 2.2 31.7 59.2 0.92 16.7 22.4
ka[10° s7Y] 14 20 24 11 23 30
ke [10°s7Y -20 6.2 0.63 0.41 12 1.4 1.3
7’6 [ns] 2.4 2.3 24 31 2.9 2.8
AG [kd/mol] +20 —0.03 —-6.4 —-6.3 +2.2 -5.0 -5.2
AG [kd/mol] -20 -1.8 -75 -7.8 +0.3 —6.0 —6.6
Ea [kd/mol] 6.0 8.5 6.9 7.8 11.0 9.4
Eq [kJ/mol] 19.1 23.4 24.0 194 233 24.4
kL [1012s7Y] 0.28 1.3 0.66 0.45 4.2 25
ke [10%2 577 60 41 56 129 83 136
Ter [°C] —83 —28 —29 —-94 —48 —46
AH [kd/mol] —-13.1 —-14.9 —-17.1 —11.6 —-12.3 —15.0
AH(SB) [kJ/molp —10.9 -111 —-13.3 -7.2 -9.2 -11.2
AS[J/K-mol]° —44.6 —-29.1 —36.9 —47.2 —24.9 —33.3
OEep [kI/mol] 65.7 61.1 51.6 68.0 63.3 55.8
E(CT) [kd/molp 362 357 353 360 357 352
Es [kI/mol]f — 19 4.2 4.1 2.9 4.9
Af)f - 0.59 2.06 1.68 0.65 3.38

a Extrapolated from lower temperatures (Figure®&rom StevensBan plots (Figure 4); see Table 1AS= RIn(k/k°). ¢ Ground state repulsion
energy; see eq 3 and Figure®E(CT) = E(LE) + AH; see Table 1T k/'/k: = A(f) exp(—E/RT) (eq 5).
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Figure 5. Initially excited LE and subsequently formed CT fluorescence response functions of the 4-dialkylamino-2,6-dimethyl-benzonitriles MDB
(methyl), EDB (ethyl), and PrDBn¢propyl) in toluene at 20C. The LE and CT decays are analyzed simultaneously (global analysis). The decay
times 1, 72) and their preexponential factofs; (LE) and Ay (CT) are given (see egs 11 and 12). The shortest decayztinselisted first. The
weighted deviations, expresseddn(expected deviations), the autocorrelation functionsG) and the values foy 2 are also indicated.
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Activation Energies E, and E4 and Stevens-Ban Plots. indicating that at given temperatukg is larger for DMABN
The slope—AH(SB)R of the HTL line in a StevensBan plot than for the two other molecules.
(eq 6) is in fact determined by three activation energies (eq 8). The presence of the two additional ring methyl groups in
As a simple approximation, the temperature dependenkg/of = MDB compared with DMABN leads to an increase-+A\H(SB),

ki is expressed in Arrhenius fornk'/k; = A(f)e E/RT, from 7 to 11 kJ/mol (Table 1). A similar conclusion is reached
for the two other pairs EDB/DEABN and PrDB/DPrABN. For
—AH(SB)R= —E,(SB)+ E4(SB)= the two groups of aminobenzonitriles RDB and DRABN,
—E/R+ E4JR— E/R=—AH/R— E/R (8) —AH(SB) increases when R changes from methyt-aropyl.

The activation energie&y, determined from the difference
between the LTL and HTL slopes (eq 10), are similar for the
pairs EDB/DEABN and PrDB/DPrABN. Data fdty of MDB
and DMABN are not available from the Stever3an plots
—~E(SB)R=-E/R— E/R+EJR (9) because the LTL region of these molecules is below the melting
point of toluene (see Figure 2).

Although®'(CT)/®(LE) is larger for MDB than for DMABN
over the entire temperature range covered in Figure 4, it cannot
(be concluded that this increase is caused Kaybecause

Similarly, the slope of the LTL line in a StevenaBan plot (eq
7) is given by eq 9

whereE; is the formal activation energy of the reciprocal CT
lifetime 1/, analyzed in Arrhenius form. As,’ only slightly

depends on temperature for the present molecules under the LTL: = " . ) .
conditions (Figures 7b and 8)the termE,/R in eq 9 is @'(CT)/P(LE) under HTL conditions is determined by the ratio

neglected. By subtraction of egs 8 and 9 it then follows that K/ (6q 6)2° The same conclusion holds for EDB/DEABN
E«(SB) is equal toEq (eq 10). and PrDB/DPrABN. Time-resolved measurements, to be
presented in the next section, are required to determine the ICT

E(SB)= —AH(SB)+ E(SB)=E,— E, = E; (10) rate constants and thermodynamic data separately.
d @ d d Time-Resolved Measurements.CT and LE Fluorescence

Some data for the ICT reaction of the 4-aminobenzonitriles can D€¢ays. The fluorescence decay (LE) and rise/decay curves
already be obtained from the photostationary data presented in(CT) of MDB’ _EDB’ and PrDB in toluene at-20 °C are
Figures 4a and 4b, such as the relative values.0fAH(SB) presented in Figure 5. 1’7hese (_Jlecays were analyzed by the
(eq 8),Ex(SB) (eq 9), ancEq (eq 10); see Table 1. method of global ana_llyst. At this temperature, both curves
Data from Stevens-Ban Plots. A reliable piece of informa- &€ double exponential (Table 2), which means that two excited
tion to be obtained from a SteverBan plot, is the temperature state species are taking part in the ICT reaction, in accordance

Ter at which the HTL and LTL lines in theb'(CT)/o(LE) ~ With Scheme 1. .

plots (egs 6 and 7) cross (see Figure 4). At this temperature, For. the LE and (:2T quore;cence response funqtlons, the
ky is equal to 1., as already discussed. The valueTafis foIIowmg well-knowr? expressions (gqs #17) hold, with the
clearly lower for MDB than for EDB+40°C) and PrDB 31 decay times; and the amplitudesy; (i, j = 1, 2).

°C). This value cannot be determined for MDB because . _ iy iz,

@'(CT)/P(LE) has its maximum near the melting point of the ile® =Aue "+ AL (11)
solvent, which means (see previous section) that the equality

ke = 1/zy is reached at a much lower temperature for MDB i) =Ae "+ A (12)
than for EDB and PrDB. When the three compounds have an

approximately equal CT lifetime,’, which is the case (Table _1 2 1
Zf)tr))elow), it then?‘ollows thakty is considerably larger for(MDB 1/Tl,2 - E{(X +Y) F (X = Y)" + dkky] 2} (13)
than for EDB and PrDB. For DMABN in toluene it likewise

can be concluded, from the plots in Figure 4b, that the condition with

ke = 1/t is reached at a much lower temperatutigan for

DEABN (—49 °C) and DPrABN (42 °C), see Table 1, again X=k,t 1, (14)
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and
Y=ky+ 17, (15)
A X—1h,)
“An (W —X) (16)
App
A= 1 (17)

Inspection of the fluorescence decay curves reveals that the

shortest timer, (Figure 5) decreases only slightly from MDB
(27 ps) to PrDB (24 ps). The LE amplitude rath/Aq1,
however, is much larger for EDB (12.1) and PrDB (17.2) than
for MDB (0.57). The increase iA signifies thatky/kq becomes

Il'ichev et al.
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Figure 6. Arrhenius plot of the ICT rate constaritsandky and the
reciprocal CT lifetime I, (Scheme 1) for the 4-dialkylamino-2,6-

more than 20 times larger when the dimethylamino substituent dimethyl-benzonitriles MDB (methyl), EDB (ethyl), and PrDB-(

in MDB is replaced by a diethylamino grodp. The ratio A propyl), and the 4-(dialkylamino)benzonitriles DMABN (methyl),
increases further when going from EDB to PrDB, but to a DEABN (ethyl), and DPrABN k-propyl) in toluene. From the slopes
smaller extent (factor 1.4). Similar results are obtained for ©Of the straight lines fitted through the data poiBisandE are obtained

DMABN —DPrABN in toluene and also in diethyl ethet For
DRABN in toluene,A and henceyky is smaller than for the
corresponding RDB compound (Table%2}%1213 Note that the
CT amplitude ratio—Ay,/Az; is equal to unity (eq 17, Figure

5), which means that the CT state cannot be reached directly

by excitation of the molecules in the ground st&§é-5 10

ICT Rate Constants at 20°C. From the decay parameters
71, T2, and A and the fluorescence lifetime, of a model
compound’,1%37such as MHDB in the case of RDB or MABN
for DRABN, the rate constantk, and ky as well as the CT
lifetime 7, can be determined with eqs436. The results are
listed in Table 2.

It is seen thak, at 20°C increases from MDB (24« 10°
s1) to EDB (38 x 10° s™1) and PrDB (41x 10° s™1). The
backward ICT reaction rate constdqtis considerably smaller
for EDB (3.1 x 1®° s™1) and PrDB (2.4x 10° s71) than for
MDB (23 x 10° s7). These changes ik, andkg result in a
more negativeAG for EDB and PrDB 6 kJ/mol) than for
MDB (0 kJ/mol).

For the three molecules DRABN in toluene at 20, k,
likewise increases with increasing length of the dialkylamino
groups (Table 2): DMABN (18x 10° s'1), DEABN (44 x
10 s 1), and DPrABN (50x 10° s71). The rate constari of
the dimethylamino compound DMABN (4& 10° s71) at this
temperature is again much larger than that of DEABN (5.6
10° s7Y) and that of DPrABN (5.3x 10° s1). The change in
AG with the size of the dialkylamino substituent from 2 kJ/
mol for DMABN to —5 kJ/mol (DEABN and DPrABN) is
similar to that found for the compounds RDB. At other
temperatures, the same pattern is observed (see the dataGor

(see Table 2).

fluorescence decays of the 4-aminobenzonitriles as a function
of temperature.

The LE and, at several temperatures, the CT fluorescence
response functions of MDB, EDB, and PrDB in toluene were
measured from 20C or higher temperatures (EDB and PrDB)
to the melting point of the solventQ5 °C). These fluorescence
decays were found to be double exponential (see Figure 7) down
to —80°C (MDB) and —40 °C (EDB, PrDB). At lower tem-
peratures, the decay curves become triple exponéfitidl.
Similar observations were made for DEABN and DPrABN,
whereas the fluorescence decays of DMABN in toluene can
adequately be fitted to two exponentials down-t65 °C 241
The data analysis based on Scheme 1, requiring double
exponential decay curv@syas therefore limited to the higher
temperature ranges.

As an example, the decay times and 7, and also their
amplitude ratioA (egs 11 and 12) of DEABN in toluene from
30 to —45 °C are plotted in Figure 8a. The rate constagts
andky as well as the reciprocal CT lifetimed/ resulting from
these decay parameters (eqs-18) are presented as Arrhenius
plots in Figure 8b. From the slopes of the straight line through
the data points fok, andkg, the activation energies, and Eq
and hence the CT stabilization enthalpyAH (=E,; — Eg) are
determined. Time-resolved fluorescence experiments were
likewise carried out for DMABN: DPrABN, and MDB-PrDB
in toluene as a function of temperature (see Figure 8 and Table
2).

The reciprocal CT lifetimes 1§ are considerably smaller

°C in Table 2 and the complete temperature dependence inthank, andky (Figures 6 and 8b), over the temperature range

Figure 6). A comparison of the data for MDB and DMABN
in Table 2 reveals thdy is a factor of~2 smaller for the former
molecule. The changes ik, are relatively minor. Similar
results are obtained for EDB/DEABN and PrDB/DPrABN, with
a more negative\G for RDB than for DRABN.

Temperature Dependence of LE and CT Fluorescence
Decays. The increase irk; and the decrease iky observed
when comparing the two series MB#rDB and DMABN-—
DPrABN (Table 2) can in principle be caused by the preexpo-
nential factoik® as well as by the activation enerfyappearing
in the Arrhenius expressiokCe &/RT which is assumed to be
valid for these rate constants. This separate influenckof
and E; is investigated here by measuring the LE and CT

in which the fluorescence decays are double exponential. This
result means that under these conditions, the ICT reaction
kinetics is primarily governed bl andky. The ratio®'(CT)/
®(LE) is, in addition, influenced b¥'/k: (eq 5).

Counteracting Effects of E; and k°>. The increase irk,
observed at all temperatures in toluene, when going from MDB
to EDB and PrDB (Figure 6), is primarily caused by a
substantially larger preexponential factgf for the two latter
molecules (see Table 2): 1.3 102 s71 (EDB) and 0.66x
102 s71 (PrDB) compared with 0.2& 10'2s~1 (MDB). This
effect is counteracted but not reversed, however, by a simul-
taneous increase of the activation enekyfor EDB (8.5 kJ/
mol) and PrDB (6.9 kJ/mol) relative to MDB (6.0 kJ/mol).
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Figure 7. Initially excited LE and subsequently formed CT fluores-
cence response functions of 4-(dimethylamino)benzonitrile (DMABN)
and 4-dimethylamino-2,6-dimethyl-benzonitrile (MDB) in toluene at
—50°C. The LE and CT decays are analyzed simultaneously (global
analysis). See the caption of Figure 5.
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In the series DRABNKk, similarly increases with increasing
size of the dialkylamino group, especially from DMABN to
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Figure 8. (a) The decay times, andz, and also the amplitude ratio
A1Aq1 (egs 11, 12, and 16) of 4-(diethylamino)benzonitrile (DEABN)
in toluene from 30 to—50 °C. (b) Arrhenius plot of the ICT rate
constantk, andky and the reciprocal CT lifetime 4 (Scheme 1) of
DEABN in toluene. From the slopes of the straight lines fitted through
the data point&, andEg are obtained (see Table 2).

kqy and to some extent also by a largky for the former
compounds relative to MDB and DMABN (Table 2 and Figure
6). Part of the increase ' (CT)/®(LE) discussed here is due
to ki'/ks (eq 5), which is larger for PrDB than for MDB as well
as for DPrABN compared with DMABN (see Table 1 and a
later section). Also shown in Table 1 is th@t(CT)/®(LE) is
two times larger for MDB (0.27) than for DMABN (0.12). A
similar situation holds for EDB/DEABN and PrDB/DPrABN,
with a decrease i, an increase in-AH, an unchangedy,
and smaller prefactorg and ki as a consequence of the
introduction of the two methyls in the phenyl ring (Table 2).

Ea and the Size of the Dialkylamino and Benzonitrile
Groups. The activation energif, becomes larger when going
from MDB (6.0 kJ/mol) to EDB (8.5 kJ/mol). A similar
increase, also mentioned previously, is observed for DEABN
(11.0 kJ/mol) relative to DMABN (7.8 kJ/mol). This change
might at first sight be attributed to the larger size of the diethyl-
compared with the dimethylamino group, which could be
expected to lead to an energetically less favorable ICT reaction
pathway for EDB and DEABN when a large amplitude
configurational change would occur during the ICT reaction.
However,E; of PrDB (6.9 kJ/mol) is smaller than that of EDB
and for DPrABN (9.4 kJ/mol), a similar decrease Hj is
observed relative to DEABN. For the molecules RDB a smaller
E, is obtained than for their DRABN counterparts, although
the size of the benzonitrile subunit is larger in the former
molecules. These results lead to the conclusion that the
magnitude ofg; and the overall ICT kinetics of DRABN and
RDB cannot be related to simple structural or configurational

DEABN (Table 2). Also here, these changes are mainly causedproperties of the aminobenzonitriles, such as the size of the

by the preexponential factok%: 0.45 x 102 s™1 (MDB)
compared with 4.2 10%2s™1 (EDB) and 2.5x 10*?s™1 (PrDB).
These changes are again counteracted by an incre&sedr8
kJ/mol (DMABN) compared with 11.0 kJ/mol (DEABN) and
9.4 kJ/mol (DPrABN).

Influence of k, and kq on @'(CT)/®(LE). The CT/LE
quantum yield ratiab'(CT)/®(LE) in the fluorescence spectra
is determined bk, andky, together withr,' (eq 5). It can now
be understood whyp'(CT)/®(LE) at 25°C in toluene is more
than 10 times larger (see Table 1) for EDB (2.88) and PrDB
(4.82) than for MDB (0.27) as well as at least 15 times larger
for DEABN (1.76) and DPrABN (3.51) than for DMABN

dialkylamino or benzonitrile subgroups in these molecules.
Correlation of E(CT) with Redox Potentials of the Amino
and Benzonitrile Subgroups. The ICT stabilization enthalpy
—AH of the aminobenzonitriles increases with increasing size
of the dialkylamino group from 13 to 17 kJ/mol for RDB and
from 12 to 15 kJ/mol for DRABN (see Table 2). From these
data, the energf£(CT) of the CT state can be calculated (eq
2a; see Table 2). For MDHE(CT) (362 kJ/mol) is only slightly
larger than that of DMABN (360 kJ/mol). Similar minor
differences occur for the pairs EDB/DEABN and PrDB/
DPrABN. Within the groups RDB and DRABNE(CT)
likewise somewhat decreases with increasing size of the

(0.12). This increase, which is found over the entire temperature dialkylamino group; for example, from 362 kJ/mol for MDB
range studied (Figure 4), is in the first place caused by a smallerto 357 kJ/mol in the case of EDB.
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4-dialkylamino-2,6-dimethyl-benzonitriles MDB (methyl), EDB (ethyl),
and PrDB (-propyl), and the 4-(dialkylamino)benzonitriles DMABN
(methyl), DEABN (ethyl), and DPrABNr{-propyl) in toluene against
the difference between the oxidation potentB(D/D") and the
reduction potentiaE(A~/A) of the corresponding trialkylamine®Y
and benzonitrilesA). D and A are taken as the electron donor and
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Figure 10. Plots of (upper) the CT/LE ratio of radiative rate constants
ki'/ks and (lower) the individual radiative rate constaktsandk: (eq

acceptor moieties, respectively, in which the aminobenzonitriles are 5) for 4-(dimethylamino)benzonitrile (DMABN) in toluene as a function

partitioned in the hypothetical structuBe-A. The correlation coefficient
is equal to 0.29 (see eq la and text).

In the TICT model, thé® subunits in RDB and DRABN can
be represented by a trialkylamine, whereas forAhmoieties,
either 2,4,6-trimethylbenzonitrile or 4-methylbenzonitrile can
be taken. The dependenceE{fCT) on the difference between
the oxidation potentiaE(D/D*) of the trialkylamined’ and the
reduction potentiaE(A~/A) of the benzonitrile® (eq 1a) leads
to a correlation coefficient (slope) of 0.29 for RDB and DRABN;
see Figure 9.

E(CT)=E(D/D") — E(A/A) + C (1a)

This result shows thd(CT) for the two groups of compounds
is not linearly correlated (eq 1a) with the differengd/D™)

— E(A~/A) between the redox potentials of the electron donor
(D) and acceptor A) parts in which these molecules are
commonly partitioned in the TICT approach, in clear contrast
with the requirements of the this model. Although the correla-
tion coefficient is much smaller than 1.0, the data do in fact
show that the energi(CT) of the D/A-substituted molecules

of temperature.

dependence of the solvent density. It appearsihigtbecomes
smaller when the temperature is lowered. This change is
brought about by two factors: a decrease lgf and a
simultaneous increase kf(Figure 10). A similar temperature
dependence oki/ki, ki, and ki is obtained for DEABN,
DPrABN, and MDB-PrDB. For MABN and MHDB, which
only show LE fluorescence$ ks in toluene likewise becomes
larger upon cooling, which is attributed to the increase of the
solvent refractive index.32:34.3544

The observation tha' does not approach the value of zero
in toluene at—94 °C means that the amino and benzonitrile
groups of the CT state are not in a condition of minimum
overlap, as postulated in the TICT model.This results is in
line with the conclusion of the nonzero coupling between these
groups (PICT modeB,” based on the correlation coefficient of
0.29 for the difference between the redox potentials ofAhe
and D moieties and the energy of the CT std&€CT), as
discussed in the previous sectforihe temperature dependence
of ki'/ki can formally be expressed in the Arrhenius fokvk;

undergoes the influence of the electron donor and acceptor= A(f)le 5RT see eqs 8 and 9. The data f&(f) and E; are

properties of theD and A moieties. The molecular nature of

listed in Table 2. The largest values fgr (and also forks' 7k

the substituents determines the extent of the CT interactions inand A(f)) are found for DPrABN (4.9 kJ/mol) and PrDB (4.2

the various excited singlet stat&. This is the reason that
ICT does, for example, not occur with unsubstituted anilines
or with 4-(methoxy)anilines and with 4-(dimethylamino)-
phenylacetylené? but that its appearance in the anilines requires

kJ/mol). Information onE; is needed when the results from
photostationary (Stevea®8an plots, eqs 810) and time-
resolved measurements are compared.

Comparison of Data From Time-Resolved Experiments

relatively strong electron acceptor substituents such as a cyancand Stevens-Ban Plots. A comparison of the data for RDB

or ester group:35
The ICT behavior of the present aminobenzonitriles RDB and

and DRABN in Tables 1 and 2 reveals thitl andE, derived
from time-resolved experiments in toluene are larger than

DRABN can therefore not be understood on the basis of the AH(SB) andEy(SB) obtained from Steverd3an plots. For

TICT model, in which the redox potentials of the decoupled

Eq4, about the same values are found by the two methods. These

amino and benzonitrile moieties are supposed to determine theobservations can be explained by looking at egs®. The
energy of the CT state. These redox potentials are hence bydifferences AH(SB) — AH) and E«SB) — Ey are equal to
themselves not a useful criterion in predicting whether ICT and E;, with values between 2 and 5 kJ/mol (Table 2), whetgas

dual fluorescence will occur or n&€

Temperature Dependence of Radiative Rateky', ki, and
ki'/ki. The temperature dependence of the CT/LE ratio of the
radiative rate constantg/k; (eq 5) as well as of the individual
rate constantk’ andk; was determined for DMABN in toluene
from 25 to—90 °C (Figure 10), by measuring'(CT)/®(LE)
and also the quantum yieldB'(CT) and®(LE) as a function
of temperaturé® The data were corrected for the change in
optical density of the solution by way of the temperature

is expected not to differ fronky(SB) because the CT lifetime
7, Of the present molecules is independent of temperature under
LTL conditions (eq 10; see Figure 6 and 8b).

From a comparison of thé@'(CT)/®(LE) plots (Figure 4 and
Table 1) and simulations of these plots with the data from the

time-resolved experiments (Table 2), it follows tEais indeed

smaller for DMABN than for DEABN and DPrABN. For
MDB, a similar conclusion can be drawn with respect to EDB
and PrDB (see Table 2). It is therefore concluded that the
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observed (Table 2) substantial increase in the preexponentialthe effect on the ICT kinetics of replacing the dimethylamino

factorks® from 0.3 x 10'? s for MDB to ~1 x 102 s™* for
EDB and PrDB and from 0.5 102 s~ for DMABN to 4.2 x
10*? s7! for DEABN and 2.5x 102 s for DPrABN is real.
This is an important conclusion becausgandk® are mutually
related. In general, when in an Arrhenius expresdipr=
ke E/RT the experimentally obtained activation enefgyis

by a diethylamino substituent is much larger than that caused
by a further change to the dipropyl)amino group.

The rate constark, is larger for DEABN and DPrABN than
for DMABN over the entire temperature range studied. This
result is due to an increase in the preexponential fakiQr
counteracted but not overruled by a simultaneous increase in

for some reason overestimated, this error will be compensatedthe activation energ¥, For EDB and PrDB compared with

by a correspondingly too large value fie® and vice versa.
Influence of Temperature Dependent Solvent Polarity on
Ea, Eq, and AH. The polarity of a solvent generally increases
upon cooling®*3> Therefore, measurements®f E4, andAH
from ®'(CT)/®(LE) and also from time-resolved experiments
do not take place under constant polarity conditions. For
molecules such as RDB and DRABN, with a larger dipole
moment for the CT than for the LE state;-AH will increase
upon cooling. AlsdE, andEy decrease with increasing solvent

polarity!®46and hence upon lowering the temperature, in contrast

MDB, a similar result is observed. The change in the size of
the dialkylamino group has a larger impact knthan onks,
which results from an increase in the activation enekgy
whereas the preexponential factokg® remain practically
unchanged. In both sets DRABN and RDBAH increases
with increasing size of the dialkylamino group. The presence
of the two additional methyls in the series RDB leads to a
smaller activation energ¥, and a larger ICT stabilization
enthalpy—AH than for the corresponding DRABN molecule.
The influence of the structural changes in the aminobenzoni-

to the assumption of constant activation energies underlying eqstriles studied here on the ICT reaction is complex, as several

8—10. TheE,values derived here from the measurements over
a temperature range from 25+@t0 °C (Table 2), will therefore

effects occur simultaneously, such as changes in the energy gap
AE(S,S) and in the size and electron donating ability of the

be smaller than the value applicable at the higher temperature.amino nitrogen. Therefore, although the results presented here

The same is the case f&y and AH. The increase ir, np,
andf — 1/2f' for toluene, from 2.37, 1.4940, and 0.126 at 25
°C to 2.56, 1.5310, and 0.136 at40 °C, is relatively small,
however3®> This comparison means that the values in Table 2
are not influenced to a large extent by the temperature
dependence of the solvent polarity.

The Magnitude of the CT Repulsion EnergydEp. The
CT ground state repulsion energ@¥ep (eq 4) of the present
(dialkylamino)benzonitriles decreases with increasing size of
the dialkylamino group: from 66 kJ/mol (MDB) to 52 kJ/mol
(PrDB) for RDB and from 68 kJ/mol (DMABN) to 56 kJ/mol
(DPrABN) for DRABN (Table 2). Generally, the magnitude
of 0Ep reflects the differences between the molecular config-

give kinetic reasons for the variation in the ICT efficiency, they
do not provide simple answers to questions related to the
molecular structure of the CT state.

The energyE(CT) depends on the difference between the
redox potentials of the dialkylamino and benzonitrile moieties
in the aminobenzonitriles, with a correlation coefficient of 0.29.
This value is substantially smaller than the coefficient 1.0 to
be expected when the TICT model would be valid, showing
that the amino and benzonitrile groups are not electronically
decoupled in the CT state of these molecules. Such a correlation
cannot be investigated by using the CT emission maxima
hvMa{CT) because the FC ground state repulsion enégy,
is not constant. It is found for DRABN as well as for RDB

uration of the CT and the equilibrated ground state, as well as that 0Ee, decreases with increasing size of the dialkylamino

the different orientation of the solvent molecules around CT
andS caused by the increase in dipole moment, from 7 to 17
D during the ICT reaction for the DRABN compounts.
Because the CT an§& dipole moments remain the same in
this seried? a change in solvent molecule orientation will not
contribute to the observed decrease ke

The changes in molecular configuraton during the £ECT
reaction may involve a decrease in pyramidality of the amino
nitrogen, which is considered to be an important reaction
coordinate in this reactiomn;® as well as differences in bond

group.
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