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Steady-state spectroscopic studies have been performed with three intramolecular charge-transfer molecules,
4-(1-azetidinyl)benzonitrile (P4C), 4-(1-pyrrolidinyl)benzonitrile (P5C), and 4-(1-piperidinyl)benzonitrile (P6C),

in ethyl acetate and acetonitrile in presence of lithium perchlorate (L)GCroom temperature to investigate

the effects of electrolytes on excited-state intramolecular charge-transfer reaction. Electrolyte-concentration
and ion-size dependences of several spectroscopic properties such as quantum yield, absorption and emission
transition moments, radiative and nonradiative rates, and changes in reaction free energies associated with
LE — CT conversion have been determined for these molecules and reported. For P4C, quantum yield decreases
by a factor of~7 at the highest electrolyte concentration relative to that in pure ethyl acetate whereas it is

a factor of~4 for both P5C and P6C. However, in acetonitrile with 1.0 M LigIQuantum yield reduces to

almost half of that in the pure solvent. Formation o€lzarge-transfeCT) state is found to be strongly
favored over thdocally excited(LE) state as the electrolyte (LiCpconcentration is increased, electrolyte
effects being more pronounced in ethyl acetate than in acetonitrile. Relative to pure ethyl acetate, reaction
free energy change{AG,) increases by a factor o5, ~4, and~2 for P4C, P5C, and P6C, respectively,

at 2.5 M LiCIOy in this solvent.—AG; for PAC exhibits a change in sign (fronegatie to positive) upon

addition of electrolyte in ethyl acetate. In acetonitrile, however, these changes are within a few percent,
except for P4C where it is about 4 times greater at 1.0 M LiGHan that in pure acetonitrile. The electrolyte-
induced total red shift of the CT band of these TICT molecules is 3 times higher in ethyl acetate than in
acetonitrile. Although both the quantum yield and CT emission peak frequency decrease linearly with the
increase in ion size;- AG; remains largely insensitive. Further studies using a nonreactive probe (coumarin
153) in concentrated electrolyte solutions also show qualitatively similar results.

I. Introduction group from a conformation roughly coplanar with the benzoni-
trile ring to a perpendicular arrangement. This is shown in

Exqited-statg intramolgqular qhar.ge-transfer reactions N geheme 1. However, this model is also not universally accepted
substituted aminobenzonitrile derivatives have been an area Ofbecause there has been much experimental eviéiéticat is

intense researc_h fgr guite some time nbwThese molf_s-cules, difficult to explain by using TICT mechanism.
upon photoexcitation, show an anomalously red-shifted fluo- . . )
Recently, Maroncelli and co-workérstudied the excited-

rescence that occurs in addition to the normal fluorescence in ) s .
polar solvents. The emergence of this red-shifted fluorescenceState charge-transfer reactions of 4-(1-azetidinyl)benzonitrile

has been a matter of considerable debate and disciisdion.  (P4C), 4-(1-pyrrolidinyl)benzonitrile (PSC), and 4-(1-piperidi-
Even though several models have been proposed to understan@y)benzonitrile (PEC) in several solvents of varying polarity.
the nature of the anomalously red-shifted fluorescence, none These authors have explained their results by assuming the
of them could explain satisfactorily all aspects of the excited- Validity of twisted intramolecular charge-transfer (TICT) mech-
state intramolecular charge-transfer reaction. However, all theseanism and found that the rate of reaction in these molecules is
models attribute the anolmalous fluorescence to an electronicsubstantially modified by the dynamical modes of the solvent
state of charge-transfer (CT) character. The state that emitsin Which the reaction is studied. Here we extend the above study
normal fluorescence is assumed to possess charge distributiorinto the realms of electrolyte solutions in low to high concentra-
similar to that of the ground state and is termed as a locally tions. Addition of electrolyte in a polar solvent is likely to
excited (LE) state. Upon photoexcitation, a substantial amount increase the polarity of the solution that may modify reactions
of charge is transferred from the amino group to the benzonitrile in a similar manner. However, electrolyte solutions at moderate
ring with some intramolecular rearrangement. Several mecha-to high concentrations in strongly polar solvents and even at
nisms are in vogue to rationalize the intramolecular rearrange- low concentrations in weakly polar solvents contain free ions,
ment, although many experimental, theoretical, and semiem-ion pairs (solvent shared and solvent separated), triple ions, and
pirical calculation studies support the twisted intramolecular neutral triple ions in varying proportiod:47 For example,
charge-transfer mechanism (TICH)® In this mechanism, dielectric and infrared spectroscopic studies of perchlorate salts
charge transfer occurs simultaneously with a twisting of the alkyl of alkali and alkaline earth metal ions in acetonitrile at room
temperatur® suggest that contact ion-pair concentration in-
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SCHEME 1 constantsk g andkct represent the net (radiatiy@us nonra-

diative) rate constants for LE and CT states, respectively. S
e + depicts the ground state. Interconversion between LE and CT
hv 9 states is the charge-transfer reaction. The rate of this intercon-
—— version dependscrucially on two factors: intramolecular
: twisting and solvatioft.Naturally, therefore, modification of one

of these factors affects the rate at which the reaction progresses.
These molecules possess higher dipole moments s@ifes
and hence formation of CT population is favored when the
solvent becomes polar. Because addition of electrolyte further
SCHEME 2 enhances the average polarity of the medf@ft#formation of
ke CT population is likely to increase with electrolyte concentra-
LE ——» CT tion. The direct interaction of CT state with various ionic species
‘k— present in electrolyte solution also contributes to the enhance-
hv ' ment of the CT population. All these are equilibrium solvation
AVaa i ker effects that need to be understood.

In this Article we report steady-state results on the excited-
state intramolecular charge-transfer reactions of 4-(1-azetidinyl)-
benzonitrile (P4C), 4-(1-pyrrolidinyl)benzonitrile (P5C), and
4-(1-piperidinyl)benzonitrile (P6C) in electrolyte solutions of
several alkali and alkaline earth metal perchlorates at different
concentrations. We use the TICT model to analyze our data as
done earlieP. Note here that the above three compounds were
first studied by Rettig and co-worke¥s!? Zachariasse and his
group® investigated the excited-state charge-transfer reaction
in the above group of compounds containing three- to eight-
membered rings and represented them &S Beries I( being
the number of atoms constituting the ring). In addition to these
experimental studies, semiempiriéat>density functionat® and
ab initio calculation¥ have also been carried out with these
molecules. However, studies of electrolyte effects on TICT
reactions have not been performed before and such a study is
strong ion-solvent interactions leading to structure enhanced repc_)r_ted here for the first time to _the best of our knowledge. In_

addition, we have performed similar steady-state spectroscopic

ion associatioff*8and formation of composite species such as . ) . .
triple ions, cyclic ion-pair dimers, and apolar aggregates. The ;tud|es with a nonreactive probe, namely, coumarin 153 (C153)

ion pairs are characterized by large dipole momértithat in these electrolyte solutions to compare the electrolyte effects

take part in modifying the interaction of a polarity probe with on a nonreactive excited state. Note here that similar studies
the environment and its dynamics. Moreover, the presence Ofwith C153 in acetonitrile and ethyl acetate in the presence of
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other composite species significantly affects the structure and 10M L"?'O4 or NaCIq have already been c_arrled dae
hence dynamics of the medium through Coulomb and non- Our studies with C153 in these solvents at higher electrolyte
Coulomb interactioné Therefore, reactions occurring in these concentrations indicate a natural extension of the low-concentra-

media would be affected in a more complicated manner than tion data already reported in the literattiré®*°and hence are

expected from the enhanced polarity of the medium alone. ~ cOMPlimentary to these earlier data.

Further inputs to the understanding of electrolyte solutions ~ The main results of this paper are as follows. Quantum yields,
originate from the studies on solvation dynamics in electrolyte radiative and nonradiative rates, and other steady-state properties
solutionst™~1949 These studies indicate that the solvation time (mainly spectral characteristics) for P4AC, P5C, and P6C
scale of a polarity probe in electrolyte solutions of acetonitrile molecules are determined as a function of lithium perchlorate
and ethyl acetate is in the nanosecond regime, which is at leastconcentration in ethyl acetate and acetonitrile, and as a function
1000 times slower than those in pure solvents. Huppert and co-of ion (cation) size. Both the absorption and emission spectra
workerd’ 19 used the DebyeFalkenhagen theory to explain  of these molecules show red shifts upon increasing the
the slowing down of the dynamics due to ion-atmosphere electrolyte concentration. These shifts are associated with
relaxation, but Maroncelli and co-worké?sused the idea of  spectral broadening (for absorption) and narrowing (for emis-
direct probe-ion interactions through a limited solvate model sion). Although the CT emission band shifts appreciably with
to account for the inhomogeneous kinetics observed in suchelectrolyte concentraton, the LE band shows very little or no
media. As the time scale of the barrier crossing is in the shift. Quantum yields for these molecules have been determined
picosecond regime even for a reaction with a considerably broadin the presence of electrolyte in solutions and found to decrease
barrier205! the effects of such slow dynamics on the TICT exponentially with electrolyte concentration. We have also
reaction should be thoroughly investigated. A detailed study of measured these quantities for C153 in electrolyte solutions,
electrolyte effects on the rate of TICT reactions in these TICT which show electrolyte dependence similar to that observed for
molecules has been carried out, and results are reported in thehese TICT molecules. Addition of electrolyte is found to
accompanying Articl&? substantially modify the equilibrium constant for the tECT

Scheme 2 represents photoexcitation of a TICT molecule and conversion reaction in the TICT molecules studied here.
the subsequent formation of charge-transferred (CT) state whereElectrolyte effects are found to be stronger for PAC than in the
ki and k; are respectively the forward and backward rate other two TICT molecules. Also, the electrolyte effects seem

So

for NaClO, for increasing electrolyte concentration from 0.1 to
0.9 M. On the other hand, solvent-separated ion-pair concentra-
tion decreases from-10% with electrolyte concentration to
almost negligible proportion at higher concentratiéhor Mg-
(ClO4)2 and Ca(ClQ),, however, the estimated concentration
of a contact ion pair is large~30—50%) even at 0.1 M, and
varies nonmonotonically with electrolyte concentration. More-
over, an appreciable amount of triple and neutral triple ions is
present in solutions of these bivalent metal perchlorates in
acetonitrile?® Conductivity studies of LiCl@solutions in ethyl
acetaté’223%44 suggest that the ion-pair concentration is
appreciable even at electrolyte concentrations as low as 0.01
M. In addition, the formation of triple ions is found to make a
significant contribution to the overall conductivity, suggesting
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to be more pronounced in ethyl acetate than in acetonitrile. The TICT molecule in perfluorohexane as referefcehis decon-
ion-size dependence of emission peak shift, quantum yield, andvolution provided area under each fragment (measure of
change in reaction free energies has also been studied. The ionpopulation under a particular band) that was then used to
size-dependent results, however, need careful interpretation asalculate the equilibrium constants and change in reaction free
the fluorescence emission from probes dissolved in a solution energies for the LE to CT conversion. Emission peak frequencies
containing ions with large values afrio, (valence/ionic radius)  were calculated as follows. Shifts of the emission spectra from
may arise from an unequilibrated excited state due to a the peak of the reference emission spectrum were calculated
considerable slowing down of the medium dynanftalso, and added to thewerage peak frequency of the reference
as the degree of dissociation is different for these perchlorate emission spectrum. Theverageof the reference emission peak
salts, they are likely to produce different species as the was calculated by averaging the numbers obtained by fitting

concentration is varied in ethyl acetate and acetonitfilé?
Therefore, the observed ion-size dependence nuyeflect
the effects of ion size alone. The conductivity of LiGIO

the upper half of the reference emission spectrum with an
inverted parabola, first moment and the arithmetic mean of the
frequencies at half intensities on both blue and red ends of the

solutions in ethyl acetate has also been measured, which showgmission spectrurdf: 56 Absorption peak frequencies were
a steady increase in conductivity up to 2.0 M, indicating the obtained by calculating the first moments of the absorption
dominance of a triple ion in determining the solution conductiv- spectra. Conductivity measurements of electrolyte solutions were
ity even in highly concentrated solution. performed using a multimeter (Sension 378, Hach) fitted with
The organization of the rest of the paper is as follows. a conductivity cell of cell constant 0.45:00%). The electrode
Experimental details are given in the next section. Section Il was dipped in the sample until equilibrium was reached and
contains experimental results from our steady-state spectroscopi¢eading becomes stable. After proper calibration, selected
studies. Supporting information is given wherever necessary. samples were checked three times and no significant differences
The Article then ends with concluding remarks in section IV. were observed. Lifetime data for measuring radiative and
nonradiative rates for the TICT molecules and C153 in
electrolyte solutions were obtained from time-correlated single
o - o _ photon counting (Lifespec, Edinburgh Instruments) apparatus
.4—(1-Azet|d|nyI)benzomtnIg (P4C), 4-(pyrro!|d|ny|)be”20n" with excitation wavelengths at 299 and 293 nm for TICT
trile (PSC), and 4-(1-piperidinyl) benzonitrile (P6C) were olecules, and 409 nm for C153. All the measurements reported

synthesized by following the protocol given in ref 8. PAC and pere were performed dt= 298.15+ 0.1 K, unless otherwise
P6C were recrystallized from cyclohexane (Merck, Germany) mentioned.

and P5C from kerosene-free petroleum ether (recrystallized
thrice). The purity of these compounds were checked by thin
layer chromatography and monitoring the excitation wavelength
dependence of fluorescence emission. Coumarin 153 was In this section we will present and discuss results obtained
purchased from Exciton and used as received. from the steady-state absorption and fluorescence emission
Ethyl acetate and acetonitrile were used as received (spec-studies of TICT (P4C, P5C, and P6C) molecules in perchlorate
trophotometric grade) from Aldrich. Tetrabutylammonium per- solutions of ethyl acetate and actonitrile. We have also used a
chlorate (BusNCIQy), lithium perchlorate (LiCIQ), sodium nonreactive probe (coumarin 153) molecule to compare the
perchlorate (NaClg), magnesium perchlorate (Mg(Cli), electrolyte effects on a nonreactive probe and on molecules that
calcium perchlorate (Ca(Cl}), and strontium perchlorate (Sr-  undergo intramolecular charge-transfer reaction upon photoex-
(ClOy),) were obtained from either Aldrich or Fluka (anhydrous citation. Because solvation statics and dynamics of electrolyte
and/or highest available grade) and vacuum-dried before use.solutions in ethyl acetate and acetonitrile have already been
Solutions were prepared by dissolving a measured amount ofstudied using C153 as a probe with perchlorate concentration
electrolyte in a 10 mL volumetric flask and stirring the solution up to 1.0 M, our results with C153 will be complimentary to
for 1/, h. Caution was exercised to ensure the complete the existing data. Therefore, results obtained with C153 in
dissolution of the added electrolyte. An aliquot of this stock electrolyte solutions will be discussed here briefly with data
solution was then transferred into a quartz cuvette of optical presented largely in the Supporting Information as the present
path length 1 cm. Subsequently, a small grain of solute (P4C/ Article focuses mainly on the electrolyte effects on TICT
P5C /P6C) was dissolved and stirred the solution for about 10 reaction.
min and the absorption spectrum was recorded (Model UV-  Let us first begin with the conductivity of LiCl@solutions
2450, Shimadzu). The emission spectra were recorded (SPEXin ethyl acetate that have been measured up to 2.5 M. The results
Fluoromax-3, Jobin-Yvon, Horiba) after adjusting the absor- are shown in Figure 1. Conductivity data for the same solutions
bance of the solution to 0.1 or less with excitation wavelength up to 1.0 M reported by Huppert atldlare also shown in the
fixed at 305 nm. This wavelength was chosen to minimize the same figure for comparison. As usual, the conductivity of the
loss of the fluorescence spectrum at both blue and red endssolution decreases with the addition of electrolyte at low LiCIO
Solvent blanks were subtracted from the emission spectra priorconcentration and then increases. The increase in conductivity
to analysis and converted to frequency representation afterafter initial drop is well-known and has been explained in terms
properly weighting the intensity with2. A few samples were  of triple ion formation?324 Fuoss-Krauss analysis of experi-
bubbled with dry argon gas to investigate the effects of dissolved mental conductivity of LiCIQ in ethyl acetate up to 1.0 M by
oxygen on the absorption and emission spectra. These initialHuppert and co-worket$indicates that the concentrations of
runs showed very little or no effects on the overall appearance ion pair and triple ion increase with electrolyte concentration.
of the spectra and hence most of the samples were notMoreover, concentrations of both ion pair and triple ion become
deoxygenated. This was also the observation in one of the earlierat least an order of magnitude larger than that of free ion at
studies with these TICT moleculés. ~0.02 M. The present data clearly indicate that the concentration
We then deconvoluted each emission spectrum into two of triple ion continues to increase even up to 2.0 M and then
fragments by using the emission spectrum of the correspondingdecreases probably due to the formation of dipolar or apolar

Il. Experimental Details

Ill. Results and Discussion
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I ' NN TABLE 1: LiCIO 4Concentration Dependence of Radiative
. 8000 - O O 7 and Nonradiative Rates of TICT Molecules in Ethyl
£ - O O A Acetates$
Z 6000 s
< L J P4C P5C P6C
2 4000 - ® ] conc (M) n(refindex) kK% Kbt K& Kt k¥ K
'§ 2000 o - 0.0 1.368 3.60 4.00 453 2586 193 22.69
3 L " i 0.1 1.369 282 549 357 40.29 1.47 39.69
OP - 0.25 1.371 344 781 366 7595 1.23 58.10
I S T I I B B 0.5 1.374 3.27 11.74 354 124.65 1.06 92.49
00 05 1.0 15 20 25 30 35 1.0 1.382 2.88 18.23 3.06 160.98 1.26 150.4
LiCIO. TM 1.5 1.387 276 2399 3.79 285.34 1.16 172.30
iCl0, M] 2.0 1.392 2.26 27.86 3.14 269.96 1.15 185.07
Figure 1. Conductivity of LiClO, solutions in ethyl acetate. Open 25 1.395 2.05 3291 259 302.77 1.13 195.96
circles represent the conductivity data recorded by us. Filled circles d ) . . . 8
represent the data reported by Huppert and co-worKers. *kig (in units of 10 s™) and K (in units of 16 s™) denote
respectively the radiative and nonradiative rates associated with LE
Abs. Em. band.
LT T T 1T 77 ] T T T T T
1.0 - - CT LE TABLE 2: lon-Size Dependence of Spectral Properties and
r ] Transition Moments of TICT Molecules in 0.5 M
r ] Perchlorate Solutions in Ethyl Acetate
z 05 ] P4AC
§ E ion  Zrion vapdd) Taps T'g? ocr/oLe kfgj kErE Mie Maps
% 0.0 Na® 0.980 34.60 4.08 3.8 029 297 1032 14 43
% 10 E Lit  1.351 34.67 4.19 419 0.29 327 11.74 14 3.9
E [ SPt 1.724 3447 459 333 076 178 2573 11 4.1
2 r Ca&" 2.000 3456 4.47 3.80 057 3.32 23.37 14 45
0.5 |- Mg?t 2.780 34.26 4.62 358 0.27 203 9.72 11 46
i P5C
0.0 .

— L o ion Vabs Tabs Fg? ocr/oe kEiEd kErE Mie  Mabs
0032 34 3638 1820 22 24 26 28 30 Na* 3453 420 429 403 346 15838 089 4.93
Frequency(103em-1) Lit 3435 4.17 4.73 3.93 354 12465 0.90 5.11
Figure 2. Absorption and emission spectra of 4-(1-azetidinyl)}- SrP° 34.24 442 419 6.06 313 23225 086 4.97
benzonitrile (P4C) in several concentrations of LiGI® ethyl aetate Ca" 3399 442 464 484 377 256.03 0.86 5.03
(upper panel) and acetonitrile (lower panel). For ethyl acetate solutions, Mg>* 34.07 4.65 457 409 4.00 23225 095 504
spectra shown here are for the following LiGl@oncentrations (M): P6C
0.0(1),0.5(2),1.0(3), 1.5 (4), 2.0 (5), 2.5 (6). For acetonitrile solutions, _
spectra shown here correspond to the following concentrations (M): ion  vas Taps Db ocrloue K2 KT M Maps
Nat 3429 441 435 1251 1.09 61.241 0.52 4.80

0.0 (1), 0.1 (2), 0.5 (3), 1.0 (4).
. . . . Lit 34.16 439 4.77 1510 0.07 92.490 0.51 4.97
species at concentrations higher than 2.0 M. Fourier transformedgpe+ 3398 459 354 1990 0.69 94271 0.43 5.14

infrared and dielectric spectroscopic studies, as done with c2+ 33.80 4.91 4.10 13.60 0.90 93.368 0.49 5.16
electrolyte solutions in acetonitrféand other solvents,would Mg?"™ 34.09 463 468 1561 0.85 78.655 0.45 4.95
have been very useful to estimate the concentration of various apggk frequencies’) and band widthsI{, fwhm) are in units of
ionic, polar and apolar species in the medium. However, even 13 cm . acr/a e denotes the area ratio between the CT and LE
without those studies, it is obvious that ion pair and triple ions emission bandsio, is in the units 108 cm.

are present in these solutions at large proportions and their

effects on TICT reactions will be significant. and P6C Avgiis approximately twice as large as that in PAC
A. Spectral Properties.Representative absorption and emis- whereas AvViY ~ 400 cnt! (see Figures S1 and S2 of
sion spectra of P4AC in several concentrations of LidfCethyl Supporting Information). Also, the absorption peak shifts for

acetate and acetonitrile are shown in Figure 2. Similar absorption p5C and P6C are’500 and~400 cntt at 1 M LiClO; in ethyl

and emission spectra for P5C and P6C are provided in the acetate and acetonitrile, respectively. This difference in behavior
Supporting Information (Figures S1 and S2). Itis interesting to for PAC from the other two solutes can be understood if we
note that the solubility of LICI@in ethyl acetate is more than  consider the net absorption transition moments of the composite

that in acetonitrile though the static dielectric constag) ¢f (So — La + Sy — L) absorption bands given in Table 3. The

the former is 6 times less than that of the labfaFormation of Concentration_averaged net absorption transition monmgg
cluster between the electrolyte and the solvent is believed to for P4C in ethyl acetate is3.9 D, and those for P5C and P6C
be the reason for such a large solubility of LIGI®x ethyl are~5 and 4.9 D, respectively. If we now consider that the
acetate®® As a result, we could extend the LiCJ@oncentration major contribution todMa,dIcomes from the more polar S~

up to 2.5 M in ethyl acetate whereas we could go only up to |, transition® it becomes clear why the absorption peak shift
1.0 M in acetonitrile. As expected, the presence of electrolyte jn pP4C is smaller than those in P5C and P6C.

does_not al_ter the shape of t_he absorption spectrum of PAC other The electrolyte (LiCIQ)-concentration dependence of the

than inducing a total red shifivgg = [vgp{OM) — v5(2.5M)] absorption, CT and LE emission peak frequenciegs(ver,

~ 600 cnt! in ethyl acetate andAvi. = [v3dOM) — vie) and absorption line widthly,y of P4C, P5C, and P6C in

var{1M)] & 300 cntl in acetonitrile. Interestingly, at 1.0 M ethyl acetate and acetonitrile is shown in Figure 3. The
ab.

LiCIO4 the absorption peak shift (relative to that in pure solvent) inhomogeneous CT and LE line widths are also shown in the

is ~300 cnt! in both ethyl acetate and acetonitrile. For P5C same figure. It is clear from Figure 3 that the electrolyte-induced
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TABLE 3: LiCIO 4Concentration Dependence of Transition EA ACN
Moments of TICT Molecules in Ethyl Acetates 36 T —
35 . ‘i.. E Emm 1
P4C P5C P6C 34 l'l : = ] e o P ]
conc (M) Mg Mcr Maps Mg Mcr Maps Mg Mcer Maps 33 [ ] . C abs.;
0.0 1.5 3.8 103 0.65 495 0.69 0.77 4.79 28 ;ﬁ 7 i 7]
0.1 1.3 43 091 071 4.96 0.60 0.83 4.89 ~ B EdEof 828700 0 ooy, ]
0.25 15 3.8 094 0.73 497 055 0.76 4.72 E 2| A e -
0.5 14 092 39 090 076 511 051 0.72 4.97 DW= ——————
1.0 1.3 092 40 084 066 508 056 0.72 4.95 S 5L 1r E
15 1.3 094 37 092 066 481 055 0.67 5.08 > N 1t -
2.0 1.2 090 40 0.83 058 523 054 066 5.00 2 1r g
25 1.1 089 39 075 054 509 054 0.58 5.06 21 :C‘SAPGC 12, 7
_ A _ A _
2 Mte, Mcr, andMaps are in Debye units. Because the amounts of - ) i = P
: : wlh 9 088 dF B oofVer
CT for P4C in ethyl acetate in the presence of 0.0, 0.1, and 0.25 M C e 1 [ 0O Fer 7]
LiClO4 concentrations are very small, the error associated with the 18 s e
calculation ofMcr at these concentrations are very large. Hence, these 50 F o J Lk _
values are not cited here. = 876 s 1L N
- . _ EDW L L R L L
shift in the CT emission band is very large due to its more polar © 40 o R 4 10 g 4 7]
) . 2 o 8 1 "o 4
nature but the LE band shows very little or no shift upon g 35 - 1100 058 P ]
addition of electrolyte in these solvents. Also, the peak frequency 30k PoqF ]
of the CT emission band of these TICT molecules decreases ] A PRI s [ R U R
exponentially with the increase in LICK&Zoncentratior$® For 0005 1.0 1520253000 05 1015
P4C, an increase in concentration of LiGlftom 0.0 to 2.5 M LiClO, [M]

in ethyl acetate enhances the CT/LE area ratio by a factor of Figure 3. Electrolyte (LiCIQy)-concentration dependence of absorption
~27 (relative to that in pure ethyl acetate) and shifts the CT (va9 and emissionig) peak frequencies and line widths (full width
emission peak toward lower energy by about 3000 &nn at half-maximd) of the absorption spectra and CT bands of 4-(1-
acetonitrile, the enhancement factori& and the CT peak shift ~ azetidiny)benzonitrile (P4C), PSC, and P6C in ethyl acetate (left panel,
is ~1100 cnr! for increasing the LiCIQ concentration from marked with “EA”) and acetonitrile (right panel, marked with “ACN").

- . The squares represent the solute P4C, and the circles and triangles are
0.0 to 1.0 M. Note that the amount of CT is very small in pureé pgc ang peC respectively. Filled symbols represent absorption peak

ethyl acetate and at low LiCl{xoncentrations and hence the  frequencies a9 and line widths [ax). LE and CT peak frequencies
error associated with the CT peak determination in such cases(y e andvcr) and the inhomogeneous line widtY) for CT band are
is 4500 cntl. This large error is reduced t150 cnT! as the represented by open symbols. These quantities have been obtained after
CT population grows with further addition of electrolyte. In deconvoluting the experimental emission spectra by broadening and
cases where the population (LE or CT) is found to be less than Shifing a reference Specg“mdw'th a Gaussian fugc'“o_? (represe”t'”gd
10%, the peak shift (relative to the reference) and the inhomo- '"NomMogeneous solvent broadening). For further details, see text an

. ) . . . ref 5. The estimated uncertainty in frequencies and width&360
geneous width have been fixed. This removes any inconsistenc

: . T _ CYem1 (except when the LE is too small).
in the peak-shift determination and band area calculation. It is

interesting to note that in presence of 1.0 M LiGlthe CT in ethyl acetate and acetonitrile. This broadening is due to the
emission peak shift of these TICT molecules is in the range of microscopic heterogeneity in the environment surrounding a
2500 cnt? in ethyl acetate and that in acetonitrile 4s1000 solute in the solution. The CT emission band shows narrowing

cmL. Also, for these molecules at 1.0 M LiCjGQolutions the with the increase in electrolyte concentration with a maximum
area ratio (CT/LE) relative to that in pure solvent is several narrowing~1000 cnt™. If we now recall thakg of electrolyte
times larger in ethyl acetate than in acetonitrile. All these solution increases with electrolyte concentrafiéthese peak
observations seem to indicate that for these TICT molecules in shifts and variations in spectral widths could be termed as similar
general and for P5C and P6C in particular that the effects of to those observed earlier with C153 in neat polar solvéatsd
electrolyte on the LE~ CT conversion are stronger in ethyl in electrolyte solutions (discussed later). However, the narrowing
acetate than in acetonitrile. This may be due to the fact that of CT emission band in these TICT molecules is43times
acetonitrile, being more polar (static dielectric constegtyeing more than what has been observed with C153 in neat solvents,
35.94 for acetonitrile as compared to 6.02 for ethyl ace®dte), suggesting a more complex interaction between the excited state
could probably supply almost all of the energy for P5C and of a TICT molecule and the environment surrounding it. One
P6C required for the conversion and subsequent solventtherefore needs further study to understand the reasons for such
stabilization of CT state. Naturally, therefore, the formation of a large electrolyte-induced narrowing of emission width in these
CT population predominates for P5C and P6C in pure aceto- molecules.
nitrile and there is not much left to be driven by the enhanced Before going further into the discussion about the steady-
interaction between the solute (P5C or P6C) and various speciesstate results with these TICT molecules, we would like to digress
present in electrolyte solutions (see Figures S1 and S2 ofhere briefly to relate the concentration-dependent peak shifts
Supporting Information). It may also be linked to the solvent and spectral widths observed for the above molecules to those
polarity dependence of activation barfi@ssociated with the  obtained for C153 in LiCI@ solutions of ethyl acetate and
LE — CT conversion (static solvent effects). acetonitrile. Data summarized in Table S2 in the Supporting
An important feature to be noted in Figure 3 is the variation Information indicate that the total absorption peak shift of C153
of width in both absorption and CT emission bands with between 0.0 to 2.5 M LiCIQin ethyl acetate is~1500 cnT1?,
electrolyte concentration in these solvents. Due to the interactionwhich is similar in magnitude to what has been found for P5C
with the environment, the absorption spectra of these moleculesand P6C molecules in this concentration range in ethyl acetate.
in electrolyte solutions are shifted to lower frequency and In acetonitrile, the absorption peak shift (between 0.0 and 1.0
broadened with broadening ranged between 200 and 408 cm M) of C153 is similar to what has been found400 cnt?) for
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Figure 4. lon-size dependence of emission peak frequencies of P4C, LiClO,[M]

P5C, and P6C in 0.5 M perchlorate solution of ethyl acetate. In this Figure 5. Electrolyte-concentration dependence of formation of CT
figure, squares represent PAC and P5C and P6C are represented byopulation in ethyl acetate (open symbols) and acetonitrile (filled
circles and triangles, respectively. Perchlorate salts of the following symbols). The ratiodcr/o ) between areas under the CT and LE bands
cations have been used: Na.i*, SP*, C&*, and Mg*. Note that (obtained after deconvolution as discussed in the text and in ref 5) are
Mg?* has not been shown in the figure. In the presence ¢tz in shown as a function of LiClQconcentration. Squares represent the
ethyl acetate, the values efr (in 10° cm?) for PAC, PSC, and P6C,  ratio for P4AC in the upper panel, circles for P5C in the middle panel,

respectively, are 19.33, 19.90, and 20.61. In acetonitrile, the corre- and triangles for P6C in the lower panel. The uncertainty for CT band
sponding values are 19.33, 19.32, and 20.01. area is typically withind=10%.

the TICT molecules studied here. The corresponding emissionargued’194%that the emission shift saturates with,, because
peak shift in electrolyte solutions of ethyl acetate-2000 cnt?, the environment dynamics slows down considerably/as,
which is approximately two-thirds of the CT emission peak shift increases and the equilibrium solvation cannot be attained during
found for the TICT molecules considered here. In acetonitrile, the probe’s lifetime. Therefore, in the presence of2Mthe
however, the emission peak shift in C153 is similar to what CT emission is occurring from an improperly equilibrated
has been found for TICT molecules upon increasing the LICIO excited state and hence the observed peak frequency is larger
concentration from 0.0 to 1.0 M. These spectral shifts are than what would have been for a properly equilibrated one.
associated with spectral broadening (for absorption) and nar- Figure 5 shows the CT/LE area ratimdi/ag) for P4C, P5C,
rowing (for emission). We will see later that quantum yield and and P6C in ethyl acetate and acetonitrile as a function of LjCIO
other relevant quantities of C153 also exhibit similar concentra- concentration. The area under each bamgd x = CT or LE)
tion dependence as those found for P4C, P5C, and P6Chas been calculated as discussed earlier and in ref 5. Note here
molecules. Therefore, these data indicate that the effects ofthat the CT/LE ratio increases as the electrolyte concentration
electrolyte on these two types of molecules (nonreactive andis increased, indicating the formation of the CT state is strongly
reactive) are qualitatively similar and hence, study of electrolyte favored upon addition of electrolyte. For the three molecules,
effects using one (type) of these molecules as probe would beformation of CT states is more favored in pure acetonitrile than
able to explain the general behavior of the other in electrolyte in ethyl acetate due to the larger static dielectric constant of
solutions. acetonitrile. However, the electrolyte-concentration dependence
The ion-size dependence ofy for PAC, P5C, and P6C in s stronger in ethyl acetate than in acetonitrile. As the area ratio
ethyl acetate and acetonitrile containing 0.5 M perchlorate of is connected to the equilibrium constait.§), the change in
different metal cations is shown in Figure 4. Other relevant reaction free energyAG;) for the LE — CT conversion is
quantities obtained from the steady-state studies in ethyl acetatecalculated from the following relatién
are summarized in Table 2. Corresponding data for acetonitrile
are provided in the Supporting Information (Table S1). Two AG, = —RTIn Ky = —RTIn[ocpy ¢ lay gver] (1)
important features are to be noted in this figure. First, except
for Mg?*, the CT emission frequencies of these molecules in and shown in Figure 6. As expectesl3; in acetonitrile is larger
perchlorate solutions of ethyl acetate and acetonitrile show adue to its larger dielectric constant. As expectéds, is
linear dependence @frion. Second, the CT emission frequency following the trend ofoct/a g depicted in the previous figure
shifts by ~900 and~750 cnt?, respectively, in ethyl acetate  (Figure 5) and the possible reasons discussed. Note that the
and acetonitrile (see Table S1, Supporting Information) as one concentration-dependemtAG;, for PAC in ethyl acetate varies

moves from Nd& to C&*". This indicates that the solutéon from negative to positive values, indicating that an unfavorable
interaction becomes stronger a@s,, becomes large® The LE — CT conversion reaction in pure ethyl acetate becomes
absorption frequencies (see Table 2 and Table S1) of thesehighly favorable upon addition of electrolyte. In fact, the
solutes in ethyl acetate and acetonitrile also exhibit lizgay, equilibrium constant for the LE> CT conversion reaction in

dependence for all ions examined here. Similar behavior is alsoP4C is~50 times larger in presence of 2.5 M LiC{G@han in
found earlier in the context of solvation studies in electrolyte pure ethyl acetate. For P5C and P6C in ethyl acetate at 2.5 M
solutions using several nonreactive proffedt has been LiClO4, —AG; is enhanced by a factor of4 and ~2.5,
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2 EAA P6C : and are reported in Table 1. Values of net quantum yields for
4l b both P5C and P6C in cyclohexane have been reproduced within
2 b +10% uncertaint§? about the value reported in the literature.
oLl v 1 v 1 T Figure 7 depicts the electrolyte (LiCiPpconcentration depen-
00 05 1.0 15 20 25 dence of net quantum yield in ethyl acetate. Quantum yields of

LiCIO, [v] individual parts (LE and CT) for these molecules in various

4 concentrations of LiCl® in ethyl acetate have also been

Figure 6. Electrolyte-concentration dependence of the change in determined and provided in Figure S4 of the Supporting
reaction free energy{AG,) for LE — CT conversion for P4C, PSC,  \htormation. It is clear from these figures that the presence of

and P6C in ethyl acetate (open symbols) and acetonitrile (filled lectrolvte d th ¢ ield iablv. F
symbols).AG; is obtained from the area ratio (shown in Figure 5) by electrolyte decreases (ne quantum yield appreciably. For ex-

using eq 1. Squares (open and filled) denetsG; for P4C in the upper ~ @mple, the net quantum yield for these TICT molecules at 2.5
panel. Circles (open and filled) dencteAG, for P5C in the middle M LiCIO4 in ethyl acetate is reduced by a factor-e¥ from
panel. The results for P6C are shown by open and filled triangles in the value obtained in pure ethyl acetate. The net quantum yield
the lower panel. of these molecules in acetonitrile at 1.0 M LiGI& almost
half of that in the pure solvent (see Figure S6, Supporting
) ) o ~Information). Note that the concentration dependence of the net
respectively. This means that the equilibrium constant is guantum yield for these molecules could also be fitted to a
increased by an order of magnitude for PSC and doubled for piexponential function of electrolyte concentratfén/alues for
P6C in ethyl acetate at 2.5 M LiCIQwith respect to the values  agiative a9 and nonradiatived,) rates and average lifetimes
in the absence qf elect_rolyte. For P4C in aqetonitrile with 1.0 (Favd) have been determined by using our experimental data
M LiCIO 4, —AG; is ~4 times larger than that in the absence of iy the relations given in literatufeFor individual parts, however,
electrolyte but it is limited t0v10—29% for P5C and P6C. o use the following relation"s:k[aEd = ¢e/el]) where the
Therefore, the electrolyte-concentration dependence of the LE average LE lifetime has been calculated from the amplitudes
— CT conversion reaction is stronger in P4C than in P5C and (a) and time constants;j obtained by fitting the relevant LE

P6C. The large activation barrieAE,c) in PAC is probably emission decays as follovis# (= ¥ ari/Sia. The nonradia-

the reason for such a strong electrolyte-concentration depen-. I :
. . tive rate for LE is then calculated by using the relatfon
dence. The ion-size dependefioaf —AG; for these molecules REE) y g

AT o ; i
in ethyl acetate and acenitrile containing 0.5 M perchlorate salts fﬂﬁ N (_15 aqu_E)/E"ED Flo ZFC}I ’ E?e rahdlatlvE rate is obtained (?S
of different cations has also been studied. It has been found fOIOWS™ ket = dctkaed eq 1), where the average excited-

that—AG. shows a very weak dependenceam, (see Figure  Staté population decay constaked) is determined from the
o therSupporting I)r/1formation%. 2Myn ( 9 net rate constants ¢ and ket usingkgec = (ke + ket)/2, and

. L by assuming rapid equilibrium between LE and CT states.
B. Quantum Yields and Transition Moments. We have -
measured quantum yield, radiative and nonradiative rates, and_These quantities have been calculated for PAC, PSC, and P6C

transition moments for P4C. P5C. and P6C in various concen- N €lectrolyte solutions and are summarized in Table 1. The

trations of LiCIQ, in ethyl acetate and acetonitrile. The following decay %a}ramete(rjs' nter:: essary for thg C?Alct%agﬂn&@ﬂagd
well-known relation has been used to determine the quantum ker are discussed in the accompanying Artitidhe error bar

associated with the calculation of these radiative and nonradia-

ieldd . ) :
y tive rates is typicallyt15% about the values reported here. Data
2 0 in Table 1 indicate that radiative and nonradiative rates show a
Ns\?(ls\(1 — 1070 ;
O = D= |Z|[——= (2) weak to moderate electrolyte-concentration dependence. The
N/ \Ir/\1 — 107°% ion-size @/rion) dependence of quantum yield is shown in Figure

8. Itis evident from this figure that quantum yield of these TICT
Quinine sulfate dihydrate in 0.05 MA3Q, has been used as molecules behave as a functionzhif,, in @ manner similar to
reference r = 0.508)%2In eq 2,n, represents refractive index  what has been observed for CT emission peak frequency (see
of the reference solution (R) and sample (S)he integrated Figure 4). The corresponding values for radiative and nonra-
emission intensity, and the absorbance. Refractive indices of diative rates are listed in Table 2 and show no particular
the electrolyte solutions have been measured (296 15K) dependence on ion size.
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0.045 L . v . concentration. Note that the average net absorption transition
0.040 Na* EA moment obtained here is very close to the average value
0.035 Li" obtained for both these molecules in neat (pure) solvents. The

net absorption transition moments of these molecules have also
been determined in ethyl acetate and acetonitrile solutions
containing perchlorate salts of different cations. The results are
shown in Table 2 with a maximum error bai15% . Again,
there are no effects afrion 0N Net absorption transition moment.
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0.005 L, o,y e We have also measured quantum vyield, radiative and non-
0.8 1.2 1.6 2.0 2.4 radiative rates, and transition moments for C153 in various
2, (10° cm™) concentrations of LiCIQin ethyl acetate and acetonitrile. These

Figure 8. lon-size dependence of quantum yield of P4C, P5C, and data are Summarlz_ed In_Flgure S5 and Table S2 of the
P6C in 0.5 M perchlorate solution of ethyl acetate. In this figure, squares SUPPOrting Information. It is clear from these data that at the
represent PAC and circles and triangles represent P5C and Pschighest LiCIQ concentrations studied in these solvents the
respectively. Perchlorate salts of the following cations have been quantum yield of C153 decreases t#0% from those in the

used: N4, Li*, SP*, C&*, and Mg*. Note that Md* has not been  absence of electrolyte. This is in contrast with what have been
shown in the figure. In the presence of Mgon in ethyl acetate, the  gpserved for TICT molecules where the reduction in quantum
values of (b) for PAC, PSC, and PEC, respectively, are 0.026, 0.011, ;o145 are hyat leasta factor of 4 and 2 at LiCl@concentrations

and 0.018. 2.5 M in ethyl acetate and 1.0 M in acetonitrile, respectively.
Transition dipole moment of the radiative transitioisy, The ion-size-dependent quantum yield of C153 (see Table S3

has been determined from the radiative rate data by using theof the Supporting Information), however, is found to be linear

following relatiorf 65 with Z/rion, Which is also the observation (except for Mywith

the TICT molecules studied here.
rad;—1
ke IS

M,/D = 1785.1—=
n’(w, fem”3)

3) IV. Conclusion

Let us first summarize the main results of this work. Steady-
wherend = { [Fx(v) dvl [Fx(v)r=3 dv} 1 with Fy(v) denoting state fluorescence studies with P4C, P5C, and P6C in ethyl
the fluorescence spectrum of species kE or CT. The results ~ @cetate and acetonitrile indicate that the addition of electrolyte
are summarized in Table 3. Transition moments for CT of P4C, continuously shifts the absorption and emission spectra toward
P5C, and P6C determined here in ethyl acetate are consistentoWer energy and doesot alter the shape of the bands. The
with the reported values for these molecules in methyl acetate Shifts in the absorption and emission spectra are associated with
(€0 for methyl acetate and ethyl acetate are 6.68 and 6.02, SPectral broadening (for absorption) and narrowing (for emis-
respectively). The error bar is typicallyl5% but is larger when ~ Sion). These observations are consistent with earlier studies with
the emission spectrum is overwhelmingly dominated by either €153 in neat polar solvents and also in electrolyte solutions.
LE or CT bands. It is interesting to note in Table 3 that the CT Addition of electrolyte decreases the quantum yield of these
transition moment is veryweakly dependent on (or even TICT molecules appreciably, but the reduction for C153 is only
insensitie to) the LiClO, concentration. Similar results have ~~40% from thatin the absence of electrolyte. The enhancement
also been found with these molecules in neat (pure) solvents©f CT/LE arearatio upon addition of electrolyte is much larger
where polarity had either very weak or no effects on the In ethyl acetate than in acetonitrile. Because the area ratio is
transition dipole momenfsData on transition moments for these 'elatéd to the change in reaction free energyAG) via
molecules given in Table 3 suggest that the electrolyte- €quilibrium constant-AG; for PAC in ethyl acetate is found
concentration-averaged LE transition moment follows the order {0 vary between negative and positive values, indicating that
PAC> P5C> P6C. Also. the CT transition moments for PeC  the unfavorable LE—~ CT conversion reaction in pure ethyl
in various concentrations of LiClOn ethyl acetate are slightly ~ acetate becomes highly favorable at large electrolyte concentra-

larger than for P5C in similar conditions. Similar results have tion. This is much less in acetonitrile, being20% for both
also been observed earlier in neat solvértote in Table 3 P5C and P6C molecules. Also, the electrolyte effects are more

that the CT transition moments for P4C at low electrolyte Pronounced in P4C than those found for PSC and P6C. For

concentrations are not reported because these values ar€X@mple, upon increasing the LiCi@oncentration from 0.0
associated with large errors as the CT band areas are very smalio 2-5 M the equilibrium constant for the LE CT conversion

at these electrolyte concentrations. The cation-size dependencé€@ction is enhanced by a factor-e60 for P4C,~10 for PSC,

of these transition moments is investigated and the results are@nd ~2 for P6C compared to those in pure ethyl acetate. In
summarized in Table 2. These data indicate that the transition@cetonitrile, however, the modification of the equilibrium

moments are insensitive @i, constant in the presence of electrolyte is confined withi#?2
We have further calculated the net absorption transition times only. The ion-size-dependent study indicates that,

moments of the composite absorption bangl€SLa + So — depends very weakly omrio. Linear correlations withe/rion

Ly) by using the following relatiof? 66 are observed for the CT emission frequenyrf and quantum

yield of these TICT molecules. Quantum yield and emission

peak frequency of a nonreactive probe such as C153 in
(4) electrolyte solutions are also found to be linear wathy,. In

all these cases, however, values obtained in the presence of
where €(v) is the molar decadic extinction coefficient. The Mg?" deviate from the observed linearity. This may be due to
results for P4C, P5C, and P6C in LiCj@olutions of ethyl a considerable slowing down of environmental dynamics in the
acetate are summarized in Table 3. Again, these absorptionpresence of ions with large values Bfio, that inhibits the
transition moments do not show any dependence on electrolytephotoexcited probe from attaining the complete equilibrium

_ o1 1 -1, ]2
M,,/D = 9.584x 10 [ﬁ S (€0IM ™ omy <
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