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Kinetics of Intramolecular Charge Transfer with N-Phenylpyrrole in Alkyl Cyanides

Introduction

From the broadening of the fluorescence spectrunNof
phenylpyrrole (PP) in the strongly polar solvent acetonitrile
(MeCN) at room temperature, attributed to the appearance of a
red-shifted additional band, it has been deduced that this
molecule undergoes intramolecular charge transfer (fCT).
With PP in the protic solvents ethanol anebutanol, a less
pronounced long-wavelength spectral broadening was repbrted.
The additional band was assumed to have a perpendicularly
twisted intramolecular charge transfer (TICT) structitéSuch
a dual fluorescence is not observed with PP in nonpolar alkan
solventd45 nor in the slightly polar diethyl ethérjn which
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For the electron acceptor/donor molecMg@henylpyrrole (PP), the fast intramolecular charge transfer (ICT)
reaction accompanied by dual fluorescence from a locally excited (LE) and an ICT state is investigated in
alkyl cyanide solvents as a function of temperature. After a comparison of the X-ray crystal structure of PP
with calculations from the literature, absorption and fluorescence spectra of PP in a series of solvents over a
wide polarity range are discussed. ICT with PP strongly depends on solvent polarity and starts to appear in
solvents more polar than diethyl ether. From an analysis of the ICT/LE fluorescence quantum yield ratio
O'(ICT)/P(LE), approximate data for the change in enthatpXH of the ICT reaction of PP are obtained,
ranging from 9 kJ/mol in acetonitrile (MeCN) to 4 kJ/mol mbutyl cyanide (BUCN). From ICT and LE
fluorescence decays of PP measured as a function of temperature, the fdtyvarél KJ/mol in ethyl cyanide

(EtCN) and 6 kJ/mol in MeCN) and backwarB(= 16 kJ/mol in EtCN and MeCN) ICT reaction barriers

are determined. From these data\H (7 kJ/mol (EtCN); 10 kJ/mol (MeCN)) is calculated, in good agreement
with the results coming fron®'(ICT)/®(LE). The data forE, show that the forward ICT barrier becomes
smaller with increasing solvent polarity, whereas the absence of chanBgdomes from the compensating
increase of-AH. Both observations are indicative of a late transition state for the-LECT reaction. For

PP in EtCN and MeCN, the ICT radiative rate constf{tCT) increases with temperature. This is caused

by the ICT low transition dipole moment and hence does not contain information on the molecular structure
(twisted or planar) of the ICT state. The fast ICT observed with PP supports our previous conclusion, based
on a comparison of PP with its planarized derivative fluorazene, that the pyrrole and phenyl moieties in the
ICT state of PP are coplanar and possess substantial electronic coupling.

dipole moment of around 13 D, much larger thae #hD value
determined for the LE stafe.

From the similarity of the ICT and LE fluorescence of PP
and its planar rigidized derivative fluorazene (FPP), it has been
concluded that the ICT state of both molecules has a planar
structure® Such an effectively planar structure of the ICT state
has also been reported fortdx-butyl-6-cyano-1,2,3,4-tetra-
hydroquinoliné (NTC6) and 4-(diisopropylamino)benzonitdle
(DIABN).

Information on the molecular structure of PP in the electronic
eground state has come from photoelectron spectra (P&it)

dipole moment measuremerit8. crystal structure has not been

solvents the emission spectrum consists of a single band€Ported in the literature but will be presented here. From the

originating from the locally excited (LE) state. Recently, th
photostationary fluorescence behavior of PP was investigatedP "
in a large range of solvents spanning the polarity scale, from (+17°/—32
perfluoromethylcyclohexane to methafdt was established

by solvatochromic and thermochromic analysis that the re
shifted second emission band comes from an ICT state, with a

e Photoelectron spectrum of PP, a mean twist angle between the

yrrole and phenyl moieties of 3®ith a large uncertainty range

) was determined for ground state PP in the gas
phasé: This value should be compared with the result of ground

d- state dipole moment measurements, from which a mean twist

angle of 42 was obtained for PP%10 |t was, however,

concluded from the PES results that PP either is only slightly
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twisted or possesses a rather broad distribution of the rotational
angles centered around the planar conformationsupport of
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is to its final value of 90, the faster will be the TICT population
kinetics! This assumption of the essential importance of the
ground state twist angle for the efficiency of the ICT reaction
does not take into account that the LE state and notglgedsind
state is the precursor of the final relaxed ICT stdte.

More precise structural information on PP in thesgate as
well as in the $ state comes from electronic spectra of jet-
cooled molecule$> The most stable conformation of, /as
found to have a phenyl/pyrrole twist angle of 38.Whereas a
somewhat smaller dihedral angle of 19v@as obtained for §

It was concluded from these experiments that upon excitation
to S; it becomes more difficult to twist the two moieties in PP.
The barrier height to reach a planar conformation was reduced
from 5.47 kJ/mol in $to 1.26 kJ/mol in § whereas the barrier

at the perpendicular conformation increased from 8.96 kJ/mol
(So) to 18.26 kd/mol (9. The conclusion that no indication for  rigyre 1. (a) Crystal structure oR-phenylpyrrole (PP) determined

a twisted intramolecular charge transfer (TICT), or other ICT from X-ray structure analysis at143°C. The bond lengths are given
state, appeared on the shape of thedBsional potential is in in A (1 A =100 pm). Chemically equivalent bond distances and angles
agreement with the presence of dual fluorescence with PP inwere merged. (b) View along the long axis of PP from the pyrrole
strongly polar solvents only, as mentioned above. These resultsT0i€ty to the benzonitrile subgroup. A twist angleof 5.7° between
therefore refer to the LE state and have no direct implication the phenyl and pyrrole planes is indicated.

for the lowest-energy equilibrium structure of the ICT state.
PP was also studied in a supersonic jet with and without
acetonitrile clusters, as well as in an argon/acetonitrile matrix
at 14-30 K618 For PP in the jet, only a single LE emission
is observed, regardless of the cluster size, whereas PP in th
argon matrix with a small amount of acetonitrile shows two
separate emission bands, which are attributed not to LE and

ICT but to two ICT states with different molecular structures. - .
F dv of th b . ¢ . ‘ groups of PP are twisted in the ground state (between 36.8 and
Lom Ia stul y O,; € ab 59”"“3” ﬁpecTra of a seres o 44.7) and that the phenyl ring is much less quinoidal than
N-phenylpyrroles withp-substituted phenyl groups, it was 4 jimethylamino)benzonitrile (DOMABN), with a bond length
_concluded that Fhe longest wavelength absorption band of PP atio (C1-C2)/(C2-C3) (see Figure 1) between 0.996 and 0.998
is connected with a charge transfer from the pyrrole to the ; S (PP), as compared with the experimental ratio of 0.979

phenyl groupt? In fact, the charge transfer direction switches obtained* for DMABN. This means that the phenyl and pyrrole
around, as also concluded from the reversal of the direction of moieties in PP are much less strongly coupled than the

the dipole moment from-1.39 D*2° (pheny! to py”,o'e) in & dimethylamino and benzonitrile groups in DMABN, in ac-
to 1.9 D—’ (pyrrole to phenyl) for. LE. On the basis of NMR o qance with the longeN-phenyl bond calculated for PP
spectra, it was reported that the interaction between the pyrrole(1l4o_1l42 A) than that measured for DMABN (1.365 )
nitrogen and the phenyl ring in PP is essentially inductive. having a valu® between that of a single bond (1.47 A, @ﬁ
Several theoretical studies are present in the literature whichNH,) and a double bond (1.28 A, oximes and imines).
all come to the conclusion that the phenyl and pyrrole groups  |n all calculations-23 the LE state was found to be planar
of PP in the ICT state have a mutually perpendicular or more planar than the ground state, increasing in energy when
conformatior'~2% By using multiconfigurational second-order  the twist angle becomes larger. Differences are found, however,
perturbation theory (the CASPT2 method), excitation and for the ICT state of PP in the gas phase, with the lowest value
emission energies as well as molecular geometries (bondfor either the copland? or perpendicul@? conformation.
distances and angles) inp &nd several excited states were Merchan et al?! did not treat the difference between a
computedt! The twist angle between the phenyl and pyrrole perpendicular and a coplanar structure, as calculations for a
parts of PP was found to decrease upon excitation, fronf41.4 planar ICT state were not presented. Irrespective of the situation
in S to 25.5 in Sy, ruling out either planar or perpendicular  in the gas phase, it is found that a TICT state can become
equilibrium structures in both states. These results are consistengnergetically lower than LE in a strongly polar solvent such as
with the experimental data for jet-cooled PP mentioned above. MeCN, as this state has the largest calculated gas phase dipole
The order of the calculated barrier heights to the planar (9.73 moment and therefore undergoes the largest stabilization by the
kJ/mol) and perpendicular (6.20 kJ/mol) conformations én S reaction field. It was stated that the Bypersurface from the
is, however, opposite to the experimental valées 5.47 and  twisted to the perpendicular structure has no energy barrier in
8.96 kJ/mol, respectively. For the LE state, the computed barrierspolar solvent$! If that would be the case, then it is not
of 5.16 kJ/mol (coplanar) and 26.75 kJ/mol {Phow the same  ynderstandable that mainly LE emission is observed with PP
trend as the experimental data (1.26 and 18.26 kJ/#hol), in MeCN1246
indicating that PP becomes more rigid to twist upon excitation  From molecular dynamics simulations of the time-resolved
to S. LE and ICT fluorescence of PP in MeCN, it was found that the
From the calculationd! it was further concluded that the ICT state, taken to have a structure with mutually perpendicular
broad and structureless lowest-energy absorption band of PPpyrrole and phenyl groups, is formed ir-%0 ps? It is assumed
in the gas phase and also in solution has a composite characterthat the ICT reaction takes place by a damping action of the
a weak LE band (§ and a more strongly allowed transition solvent on PP relaxing on a potential surface without a barrier
(). In addition, by applying a self-consistent reaction field between LE and IC?! as mentioned above. In the present

treatment (external continuum around a spherical cavity) to the

gas phase energies, it was found that in MeCN a TICT state

drops down below LE, taken as an explanation for the onset of

edual fluorescence with PP in this strongly polar solvent.
Recently, two other theoretical treatments of PP have ap-

peared, based on the DFT/MR€Bnd CAS/DZ\?® methods.

All three treatmenfd—22 agree that the phenyl and pyrrole
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Figure 2. Plot of the calculated bond lengthsNfphenylpyrrole (PP),
taken from refs 21@green), 22 Ablue), and 23Mblack), versus those
obtained from X-ray crystal structure analysis. The red line in the figure
represents the equality of calculated and experimental bond lengths.

The numbers at the data points refer to the bonds in the molecular
structure of PP.
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paper, the kinetics and thermodynamics of PP in alkyl cyanides
are studied by photostationary and time-resolved measurements
as a function of temperature.

Experimental Section

LE
The compound®N-phenylpyrrole (PP, from Aldrich)N-(4-
methylphenyl)pyrrole (PP4M, AldrichN-(4-methoxyphenyl)-
pyrrole (PP4MO, Aldrich), antl-(4-cyanophenyl)pyrrole (PP4C, 53 % 5 - 35 25 %
Maybridge) were purified by column chromatographyA2d), -
with HPLC as the last purification step-Hexane n-heptane, v [1000cm!]

and methanol (Merck, Uvasol) were used as received. The Figure 3. Fluorescence (from the locally excited (LE) state) and
solvents perfluoromethylcyclohexane (pFMCH, Bristol Organ- absorption (ABS) spectra df-phenylpyrrole (PP) in (aj-hexane at
ics), di(-butyl) ether (Aldrich, anhydrous 99.5%), diethyl ether 25 °C, (b) perfluoromethylcyclohexane (pFMCH) at 26, and (c)
(Merck, Uvasol), tetrahydrofuran (Merck, Uvasol), 1,2-di- the vapor phase at . Excitation v_vavelength(eic): 260 nm. For
chloroethane (Merck, reinsth-butyl cyanide (BuCN, Fluka, the red LE fluorescence spectrum in partiexc) = 280 nm.
pure), n-propyl cyanide (PrCN, Merck, for analysis), ethyl . .
cyanide (EtCN, Merck, for analysis), acetonitrile (MeCN, Mmaximum (422 nm) of the T absorption spectrum of
Merck, Uvasol),n-propanol (Aldrich, for spectroscopy), and anthracene, using an exp.enmental setup described previSusly.
ethanol (Merck, Uvasol) were chromatographed oveajust _<I>(ISC) of_th_e sotandards is as follows: 1.00 for be_r_lquhe_none
prior to use. The solutions, with an optical density between 0.4 " acetonltrllti? 0.96 for N-methyl-1,8-naphthanilimide in
and 0.6 for the maximum of the first band in the absorption di€thyl etger'% and 0.96 forN-methyl-phenanthridinone in
spectrum, were deaerated by bubbling with nitrogen for 15 min, -hexan€?? Because of the long fluorescence lifetime and
The fluorescence spectra were measured with a quantum_relatlvely large fluorescence yields of PP and PP4M, the effect
corrected Shimadzu RF-5000PC. Fluoromax 3 or ISA-SPEX Of Forster energy transfer and reabsorption of the fluorescence
Fluorolog 3-22 spectrofluorometer. The excitation spectra of the target molecules by anthracene was corrected on the basis
(Figure 5a) are not corrected for the spectral response of theof lifetime measurements in the presence and absence of the

reference photodiode. Fluorescence quantum yildsiith an anthracene quencher, as well as by taking into account the
estimated reproducibility of 2%, were determined with quinine anthracene fluc_)rescence intensities in the different samples. The
sulfate in 1.0 N HSQy as a standafd (®; = 0.546 at 25°C).  Overall corrections were in the range-55%.

A correction of ®; for the difference in refractive inder The fluorescence decay times were determined with a

between the solvent and the aqueous sulfuric acid solution ispicosecond single photon counting (SPC) system (excitation

not made. wavelengthlexs 276 Nm), consisting of a mode-locked titanium-

The triplet yields®(ISC) of PP and PP4M, with an estimated sapphire laser (Coherent, MIRA 900-F) pumped by an argon-
accuracy of 10%, were measured by laser flash photolysis usingion laser (Coherent, Innova 41%)The instrument response
energy transfer to anthracene<T absorption spectra in the function has a half-width of around 18 ps. In addition, a
Supporting Information¥® A frequency-quadrupled Nd:YAG  nanosecondi¢xs 276 nm, deuterium) flashlamp SPC setup was
laser (Continuum Surelight) was employed for excitation at 266 used. The analysis procedure of the fluorescence decays has
nm. The transient absorption signal was detected in the been described previoust§33
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Figure 4. Fluorescence spectra Nfphenylpyrrole (PP) in (a) diethyl
ether (DEE) at-92 °C, (b) tetrahydrofuran (THF) at104°C, and (c)
1,2-dichloroethane (12DCIE) at-31 °C. The total fluorescence
spectrum in parts b and ¢ has been separated into contributions from
the LE and ICT states by spectral subtraction with the fluorescence
spectrum olN-(4-methylphenyl)pyrrole (PP4M). See the text. Excitation
wavelength: ~265 nm.

Results and Discussion

Molecular Structure of PP. Comparison with Calculated
Ground State Structures. The molecular structure of PP was
determined by X-ray analysis (Figure 1). The bond lengths, the
twist anglef and the sunZN of bond angles around the amino
nitrogen N(1) are collected in Table 1. The pyrrole group of
crystalline PP is twisted over an andgleof 5.7 relative to the
plane of the phenyl ring. Thig-phenyl bond N(1)C(4) (1.423
A) is clearly longer than that of DMABN (1.365 A)and even
longer than that of 3,5-dimethyl-4-(dimethylamino)benzonitrile
(MMD), with an N-phenyl bond length of 1.41 A and an amino
twist angle of 59, which partly decouples the amino and phenyl
groups?* The amino nitrogen in PP is planar, as derived from
the sum=N = 360.C0. For DMABN crystals,=N = 358.8,
leading to a pyramidality angle between the planes of the
dimethylamino group and the phenyl ring of-112°, whereas
SN equals 357.5for crystalline DIABN 2434

In Figure 2, a comparison is made between the bond lengths
determined for crystalline PP by X-ray analysis and the
corresponding data coming from calculations reported in the

Yoshihara et al.
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Figure 5. Fluorescence spectra Ntphenylpyrrole (PP) at45°C in
(a) acetonitrile (MeCN), (b) ethyl cyanide (EtCN), epropyl cyanide
(PrCN), and (d)n-butyl cyanide (BuCN). The total fluorescence
spectrum has been separated into contributions from the LE and ICT
states by spectral subtraction with the fluorescence spectrudr(4f
methylphenyl)pyrrole (PP4M). See the text. Excitation wavelength:
~265 nm. The excitation spectrum of PP in MeCN (a) measured at
400 nm (red arrow) is indicated by EXC, which differs from the
absorption spectrum because of the absence of correction for the
excitation light intensity.

literature (Table 1¥1-23 It is seen that the experimental bond
lengths tend to be shorter than those obtained by the theoretical
methods, especially for G829 in the pyrrole ring, whereas
only the C#C8 and C9-C10 distances in this ring are
calculated to be shorter than those in the crystal (qualitative
difference mainly for the pyrrole ring of PP). It is not clear at
present what the photophysical significance of these differences
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TABLE 1: Bond Distances (in pm,= 0.01 A) and Structural (Table 2), an unusuat*3%41 shift to higher energies of the

Parameters ofN-Phenylpyrrole (PP) from X-ray Data absorption maximunym{(abs) of PP sets in, from 39 190 to

(Crystal) and from Calculations Taken from the Literature 2 39 420 cmt for the dialkyl ethers (230 cn, di(n-butyl) ether

bond (Figure 1) crystél ref21  ref22  ref23 to diethyl ether), from 39 320 to 39 580 cinfor the alkyl

C1-N1 142.30(18) 141.1 141.8 142.2 cyanides (260 cm', PrCN to MeCN), and from 39 420 to
C1-C2 139.37(18)  139.9  139.7  140.7 39 500 crmt for the alcohols (80 crrt, n-propanol to methanol).
C2-C3 138.9(2) 139.6 1391 1404 This small but significant atypical shift to higher energies must
gf{:gg 122';?2()19) 11??3 77 1123 22 1128'55 mean that only a correspondingly minor change (small decrease)
C5-C6 138:88(19) 1396 1391 140 4 in dipole moment takes place dun_ng_ the absorptl_on process to
C1-C6 139.50(17)  139.9 139.7 140.7 the Franck-Condon LE state. A similar observation is made
N1-C7 137.91(18)  137.7 139.6 with the absorption spectra of PP4M and PP4C (see Table 5 in
C7-C8 136.2(2) 137.2 137.7 the Supporting Information), which shows that the phenomenon
C8-C9 141.2(2) 143.4 144.5 is not related to a switch of the direction of the dipole moment
(Nzgigig 132:%&2()16) 1133’)7727 11%2 between $and g, as thjs reversal does not occur for PF540.
twist angled (degf 5.7 411 36.8 405 In the case of DMABN, in contrast, a red-shift of 1400¢nis
SN (deg}) 360.0 360.0 observed fo’™@{(abs) when going fromm-hexane to MeCN?

i i . . The fluorescence maximumM{LE) of PP shifts to lower
@ See Figures 1 and 2 and the additional crystallographic data in the ies b h h b Fi 3 d
Supporting Information? Standard deviation in parenthesesngle energies between the gas phase aitexane (Figure 3) an

0 between the phenyl and pyrrole plané&um of the angles around ~ continues to do so down to the polar solvents MeCN and
the nitrogen atom N(1); see Figure 1. methanol (Table 2). A similar more or less continuous decrease

is found for the energyE(S;) from 36 030 cm® (vapor) to

is with respect to the different methodologies and assumptions 35 250 cnm? (methanol) (Table 2).
employed in the calculations. Fluorescence Spectra of PP im-Hexane, Diethyl Ether,

Absorption Spectra of PP.The absorption spectrum of PP Tetrahydrofuran, and 1,2-Dichloroethane.In the fluorescence
in n-hexane and perfluoromethylcyclohexane (pFMCH) (Figure spectrum of PP in the nonpolar solvemthexane at room
3a and b) consists of a broad and structureless band, with atemperature, only a single emission from the LE state is
maximum 7™2{(abs) at 39 310 crit (254.4 nm) inn-hexane observed:24>The occurrence of dual fluorescence cannot be
and 39 890 cm! (250.7 nm) in pFMCH; see Table 2. At the detected, down to the melting point of the solvent-&5 °C.
low-energy side of the spectrum, a weak structured band canA similar observation is made with PP in the weakly polar
be seen, that may be ascribed to theshte identified by solvent diethyl ether between 25 ardl16 °C (¢?® = 4.24,
calculation$t~23 Such a weak structured; Sand is also €92 = 8.92, ande~116 = 11.7)#344see Figure 4a.

observed with DMABN in nonpolar solvent%:3” The absorp- With PP in tetrahydrofuran® = 7.39 ance 104 = 14.2)4344
tion spectrum obtained with PP in the vapor pHd&das a a weak incipient ICT fluorescence can be detected at@5
similar structure, although with a less pronounced&nd. with an ICT/LE fluorescence intensity rat'(ICT)/®(LE) of

The lowest-energy absorption maximuii®{abs) of PP 0.02, which increases to 0.05afl04 °C (Figure 4b) because
undergoes a red shift of 1350 cifrom the gas phase (40 600 of the larger polarity of the solvent at this temperature. In the
cm™1),4via pFMCH (39 890 cm?) to n-heptane (39 250 cm); more polar 1,2-dichloroethane? = 10.4 and—31 = 14.7)#344
see Table 2. In these nonpolar media, for which the refractive dual fluorescence then clearly appears, especially upon lowering
index n increases from 1 (gas phase), via 1.279 (pFMCH) to the temperature, witld'(ICT)/®(LE) increasing from 0.10 at
1.385 (-heptaney;3® the polarizability is the determining 25°C to 0.25 at-31°C (Figure 4c). These observations indicate
solvation property?-3°Upon an increase in the solvent polarity that the ICT formation with PP is enhanced when the solvent

TABLE 2: Extinction Coefficients, Absorption Maxima ¥M2(abs), Fluorescence Maxima™(LE) and ¥M(ICT), Energy of the
S, State E(S,), and Total Fluorescence Quantum Yield®s for N-Phenylpyrrole (PP) in Various Solvents at 25°C

extinction coeff M2 abs) PMALE) PM{(ICT) E(S)P
solvent f(e) — Yof(n?)?2 (M~tcm™) (1000 cnt) (1000 cmY) (1000 cn1?) (1000 cnt?) D¢

gas phase 0 40.60 33.10'(33.41) 36.03
pFMCH 0.028 39.89 33.24 35.76 0.078
n-hexane 0.000 13910 39.31 32.97 35.41 0.194
n-heptane —0.001 39.25 32.90 35.33
di(n-butyl) ether 0.191 39.19 32.79 35.24
diethyl ether 0.252 39.42 32.76 35.29 0.213
tetrahydrofuran 0.307 39.15 32.66 35.14 0.195
1,2-dichloroethane 0.326 39.31 32.52 35.14
BuCNe 0.366 32.75 29.14 35.15
PrCN 0.375 13320 39.32 32.61 28.85 35.19 0/163
EtCN¢ 0.383 13490 39.40 32.41 28.59 35.06 0/141
MeCN 0.393 13210 39.58 32.67 28.04 35.31 0/106
n-propanol 0.369 39.42 32.65 28.10 35.21
ethanol 0.380 39.43 32.68 28.40 35.29
methanol 0.394 39.50 32.64 27.45 35.25

a Solvent polarity parameterf(e) = (¢ — 1)/(2¢ + 1); f{(n?) = (n?> — 1)/(2n> + 1). ® Crossing of absorption and fluorescence spectra. Due to the
overlap of the $and S bands in the absorption spectrug(S,) is an approximation, giving at least an indication of the differences between the
S, energies of PP in the different solvent&rom ref 4.9Excitation at 260 or (280) nm; see Figure Estimated from Figure 3b.

f Perfluoromethylcyclohexanén-Butyl cyanide." Using the absorption spectrum of PP in PrCN fitted to the low-energy part of the absorption
spectrum in BUuCN, for whicl™@(abs) could not be measureéa-Propyl cyanide! Sum of the LE and ICT fluorescence quantum yields; see
Table 3.k Ethyl cyanide.! Acetonitrile.
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TABLE 3: ICT and LE Fluorescence Quantum Yields TABLE 4: Intersystem Crossing ®(ISC) and Total
®'(ICT) and ®(LE) and Fluorescence Emission Maxima Fluorescence®(fl) Yields of N-Phenylpyrrole (PP) and
ymax(ICT) and ¥yM(LE) of N-Phenylpyrrole (PP) in N-(4-Methylphenyl)Pyrrole (PP4M) in n-Hexane, Diethyl
Acetonitrile (MeCN), Ethyl Cyanide (EtCN), n-Propyl Ether, and Acetonitrile (MeCN) at 25 °C
Cyanide (PrCN), and n-Butyl Cyanide (BuCN) at 25 and o (ICT)
—45°C solvent e ®(ISC)  ®f)>  D(IC) D(LE)

T @'(ICT)/ PM|CT)  TMLE) il
solvent (°C) @ ®(LE) ®'(ICT) B(LE) (1000 cntd) (1000 cnt?) nhexene 188 PR 043 94 038 2
MeCN 25 36.7 0.418 0.031 0.074 28.04 32.67 diethyl ether 4.27 PP 0.33 0.213 0.46 0

—45 50.2 1.27 0.036 0.029 27.53 32.62 PP4M 0.41 0.301 0.29 0
EtCN 25 29.2 0.174 0.021 0.120  28.59 32.41 MeCN 36.7 PP 0.7 0.106 0.15 0.418

—45 39.0 036  0.032 0.088  28.03 32.66 0.64 (ICT) 0.031 (ICT) 0.14 (ICT)
PrCN 25 241 0.118 0.017 0.146 28.85 32.61 0.10 (LE) 0.074 (LE) 0.01(LE)

—45 351 0.22 0.030 0.139 28.28 32.63 PP4M 0.60 0.361 0.04 0
BuCN 25 19.8 0.087 29.14 32.76 A . .

—45 27.7 0.14 28.58 3259 Dielectric constant (ref 43). Total fluorescence quantum yield.

) ) ¢ Only LE fluorescence®(LE); for PP, see Table 2 and Figure®3lotal
a Dielectric constant (ref 43). yields from LE and ICT. Forb(fl) = ®'(ICT) + ®(LE), see Table 3.
polarity becomes larger. This is the result of an increase/fl direct excitation of variously twisted ground state conformers.
as well as of a lowering of the ICT activation barrigs, as Support for this conclusion comes from the analysis of the LE
will be shown below. and ICT fluorescence decays, as will be discussed in a later
Fluorescence Spectra of PP in Acetonitrile, Ethyl Cyanide, section.

n-Propyl Cyanide, and n-Butyl Cyanide. ICT and LE Absence of ICT with N-(4-Methylphenyl)pyrrole in Ac-

Emission as a Function of Temperature.The fluorescence  etonitrile and Other Solvents. An LE Model Compound for

and absorption spectra of PP were studied as a function of PP.In the fluorescence spectrum igf(4-methylphenyl)pyrrole
temperature in the alkyl cyanides MeCN, EtCN, PrCN, and (PP4M) in MeCN, the presence of an ICT emission cannot be
BUCN. In the strongly polar solvent MeCN? = 36.7) the detected, neither at 25C nor at—44 °C, in clear contrast to
additional red-shifted ICT fluorescence band clearly increases what was observed for PRot surprisingly, dual fluorescence

in importance upon lowering the temperatBrewith is also absent with PP4M in a series of less polar solvents:
®'(ICT)/P(LE) increasing from 0.42 at 25C to 1.27 at—45 EtCN, PrCN, BUCN, diethyl ether, amghexane In accordance
°C. with this finding, the fluorescence decays of PP4M in aceto-

At —45 °C, the ICT/LE fluorescence quantum vyield ratio nitrile and the other solvents employed here are purely single
®'(ICT)/®(LE) has reached a value of 1.27 (Figure 5 and Table exponential over the entire temperature range investigated. Also,
3). With PP in the other alkyl cyanide solvend(ICT)/®(LE) the fluorescence quantum yield of PP4M in MeCN at°Z5
is smaller than that in MeCN (Figure 5), because of the decrease(0.337, ®(LE)) is larger than that of PP (0.10®'(ICT) +
in solvent polarity, with the following results at45 °C (Table ®(LE), Tables 2 and 3), due to the absence of an ICT reaction
3): 0.36 (EtCN), 0.22 (PrCN), and 0.14 (BuCN). The energy in the case of the former molecule. Similarly, the fluorescence
of the band maximum of the ICT emissiof*{ICT) is strongly spectrum of PP4MO in MeCN, another PP derivative with an
red-shifted with respect to the maximum of the main fluores- electron donor substituent, consists of a single LE band and
cence (LE) band of PP, for example, 28 040¢éICT) versus the fluorescence decay is likewise single exponential.

32 670 cnT! (LE) in MeCN at 25°C;> see Table 2. When the The absence of ICT in the case of PP4M is attributed to two
solvent polarity becomes smaller, which takes place in the alkyl causes. First, the energy of the ICT state of PP4M is expected
cyanide series from MeCN to BUCN, as well as with increasing to be larger than that of PP, because of the decrease of the
temperaturd® ¥ym{(ICT) increases: 27 530/28 040 ci{MeCN), electron affinity (more negative reduction potentizlA=/A))

28 030/28 590 cmt (EtCN), 28 280/28 850 cri (PrCN), and of the tolyl group as compared with the phenyl grdép’

28 580/29 140 cm! (BUCN) at—45 and 25°C, respectively Second, the presence of the methyl substituent in PP4M reduces
(Table 3). the energy of the LE) state by 100 cm! in n-hexane, as

Independence of the Fluorescence Spectrum of PP in  seen by comparing the energies of the crossing of the fluores-
Acetonitrile on Excitation Wavelength. It has been reported  cence and absorption spectra of PP4M and PP. Both factors
that the fluorescence spectrum of PP changes with excitationlead apparently to a positivaH value for PP4M under all
wavelength ey, With the ratio ®'(ICT)/®(LE) apparently experimental conditions of the investigations reported here. This
decreasing whenlex. becomes shortér. This wavelength conclusion is not surprising, in view of the relatively smalH
dependence was attributed to the distribution of Kaghenyl values obtained here for PP even in acetonitrile (see below).
twist angle of PP in the ground state (see Figure 1), leading Because of the absence of ICT, PP4M can be used (with an
with decreasindlexc to the excitation of more planar isomers appropriate spectral shift) as the model compound for the LE
of higher energy, which were thought to be the predominant state in the separation of the ICT and LE contributions to the
precursors of the LE emissidn. fluorescence spectra of PP. The fluorescence lifetimes of PP4M

For PP in MeCN at 25°C, we find, however, identical  can be used to represent the lifetimgLE) of the LE state of
excitation spectra measured between 294 and 220 nm for twoPP.
different emission wavelengths (310 nm (LE) and 400 nm (ICT), Intersystem Crossing and Internal Conversion Yields of
see Figure 5). This is equivalent to saying that the fluorescencePP and PP4M at 25°C. Intersystem crossing yield®(1SC)
spectrum of PP in this solvent does not change over the were measured for PP and PP4M in the three solvehtxane,
excitation wavelength range. It is concluded from this absence diethyl ether, and MeCN (Table 4). In all cases, triplet formation
of excitation wavelength dependence in the low-energy part of is an important decay channel for LE, as well as for the ICT
the absorption spectrum, a red-edge efféthat the ICT state state of PP in MeCN. Fron®(ISC) and the total fluorescence
can only be reached from the equilibrated LE state and not by quantum yield®(fl), the internal conversion yieldb(IC) is
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TABLE 5: Decay Parameters and Rate Constants for the ICT Reaction oN-Phenylpyrrole (PP) at —45 °C in n-Propyl
Cyanide (PrCN), Ethyl Cyanide (EtCN), and Acetonitrile (MeCN) Taken from the Global Analysis of the LE and ICT
Fluorescence Decays in Figure 7

solvent 72 (pS) 71 (ns) A2 7o(LE)? (ns) ka (10°s7Y) ke (100s7Y) Ka/kq © 7'o(ICT) (ns) AGH (kJ/mol)

PrCN 31.3 7.38 0.71 11.77 1.33 1.85 0.719 4.86 +0.63
EtCN 15.4 6.41 1.42 11.73 3.88 2.66 1.459 4.87 -0.81
MeCN 8.7 5.88 6.39 11.66 9.92 1.55 6.40 5.46 ~352
solvent  t(LC)°(ps)  Llks+ LWo(ICT)) (ps)  @'(ICTY®(LE)  @®'(ICT)  B(LE)  K(ICT)2(A0'sY)  k(LE) (10°s})
PICN 55.9 53.4 0.22 0.0303  0.139 0.99 3.21
EtCN 38.5 37.3 0.36 0.0320  0.0879 0.83 3.27
MeCN 67.4 63.8 1.23 0.0362  0.0294 0.71 3.65

aEquation 5.° Fluorescence lifetime of PP4M; see the tedt/ks ~ A whent, < 7; (ref 52) as derived from eq 53.AG = —RT In(ky/ky).
¢ Experimental value; see Figure IBee eq 11.

TABLE 6: Thermodynamic Data for the ICT Reaction of N-Phenylpyrrole (PP) in Ethyl Cyanide (EtCN) and Acetonitrile
(MeCN) Taken from the Arrhenius Plots in Figure 10
solvent Ea(kJ/mol) Eg(kJ/mol) —AH2(kJ/mol) —AH(SBY (kJ/mol) E(FCY (kJ/mol) k° (10s™Y) k¢ (102s?) —AS'IKITM™Y

EtCN 9.0£0.2 15.7+£0.3 6.7£0.2 59+0.1 70.7 4.2:0.4 109+ 17 27£7
MeCN 5.7+0.3 15.7£0.9 10.0+11 8.8+ 0.1 76.9 2.1+03 65+ 31 28+ 17

a2 —AH = E, — Eq. P From the StevensBan plots in Figure 6; see the teftE(FC) = E(S;) — "™(ICT) + AH; see Table 2¢ —AS = (In(k."/
ka?))/R.

TABLE 7: Data for N-Phenylpyrrole (PP), 4-(Dimethylamino)benzonitrile (DMABN), and 4-(Di-n-propylamino)benzonitrile
(DPrABN) Used for a Comparison of egs 10 and 10a

—AH 17(ICT)

solvent (kJ/mol) T(°C) (1®s?Y Fa(lfsl) FroCT) kaollE) ka'oICT)®  kiks  7o(ICT)/zo(LE)

PP MeCN 10.0 —45 1.83 0.136 0.074 1157 84.6 6.41 0.47
—20 1.96 0.234 0.119 1541 182.6 3.16 0.44

PP ECN 6.7 —45 2.05 0.589 0.287 455.1 129.5 1.46 0.41
-90 1.72 0.258 0.150 142.7 20.4 3.30 0.47

PP PrCN (519 45 2.06 1.196 0.581 156.5 89.9 0.72 0.41
DMABN  toluene  11.6 —45 2.87 1.67 0.582 29.5 16.1 1.58 0.87
-20 3.23 2.89 0.895 42.6 37.2 0.92 0.80

20 3.70 6.91 1.87 65.7 121.5 0.40 0.74

DPrABN  toluene 150  —45 3.45 0.10 0.030 70.4 1.02 50.2 0.73
-20 3.57 0.14 0.039 116.1 3.64 23.1 0.72

20 3.70 0.31 0.084 182.5 14.3 9.43 0.74

aF = 1/ro(LE)[(ka + 1/7'o(ICT))/kq); See eq 10° HTL, kqt'o(ICT) > 1; LTL, ket'o(ICT) < 1. € From StevensBan plot: —AH(SB) (Figure 6).

TABLE 8: Extrapolated Data at 25 °C for N-Phenylpyrrole SCHEME 1
(PP) in Ethyl Cyanide (EtCN) and Acetonitrile (MeCN) from v
ao, kao, Ea, Ed, and T'o(|CT) \
solvent :(ps) wi(ns) t(LC)(ps) A®  @'(ICT)/D(LE) LE =%e 107
ECCN 326 5.745 5.1 0.569 0.181 / ka \
MeCN  3.07 5.153 8.7 1.83 0.425 1o 7 (ke) kPN Uy
* Equation 5. ICT/LE fluorescence quantum yield rati (ICT)/®(LE) of PP

in MeCN, EtCN, PrCN, and BuCN is plotted in Figure 6

calculated (eq 1). For PR)(IC) is smaller in MeCN than in
(eq 1) RY(IC) (Scheme 1 and eq 2). From these SteveBan plots?e it is

the other two solvents, due to the competing ICT reaction. The ; ) , .
separation of the total yield®(ISC) and®(IC) into the LE seen thatd'(ICT)/®(LE) strongly increases upon cooling. This

and ICT contributions can only be carried out after the kinetic means that, for ICT with PP in these four alkyl cyanides, the

data (Scheme 1) for PP in MeCN have been determined (Tabletherma|_|CT back reactioky is mucr_l_large_r than the recipro_cql
9). This will be discussed in the last section of the paper. ICT lifetime 1/'o(ICT). Such a condition (high-temperature limit

(HTL))#®"51 is generally encountered for systems with a

d(IC) =1 — ®(fl) — ®(ISC) 1) relatively small—AH value, such as for DMABN in toluene
(7.2 kJ/mol), for whichky = 45 x 10° s7 and 1#'o(ICT) =
Temperature Dependence of®'(ICT)/ ®(LE) of PP. 0.37 x 1° st at 20°C 1452 For this system, even just above

Stevens-Ban Plots. The temperature dependence of the the melting point of this solvent at95 °C, ky still remains

TABLE 9: Extrapolated Experimental Data at 25 °C for N-Phenylpyrrole (PP) in Ethyl Cyanide (EtCN) and Acetonitrile
(MeCN)

solvent ky (10"s™) kg (10%s™) AG2(kJ/mol) 7i(LE)*(ns) 7(LC) (ps) 7'o(ICT) (ns) to(LE)°(ns) K¢(ICT)/k(LE)! @'(ICT)/®(LE)®

EtCN 1.113 1.953 1.39 5.02 3.20 10.50 0.318 0.174
MeCN 2.11 1.15 —1.50 5.03 9.5 4.02 10.66 0.232 0.418

a2 AG = —RTIn(ks/kq). ° Experimental longest decay time of the LE fluorescefi¢@uorescence lifetime of PP4M; see the text. For EtCN, the
mean value ofo(LE) for MeCN and PrCN is used.Extrapolated to 23C from the data in Figure 13.See Figure 6.
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T [°C] —45°C. The LE and ICT picosecond fluorescence decays of
T A S PP in MeCN, EtCN, and PrCN at45 °C are presented in
i L Figure 7. These LE and ICT decays are measured at wavelengths
i Q ] at which either only LE (292 nm) or only ICT (430 nm)
@ . fluorescence occurs; see Figure 5. In the global analysis (LE

Ig%ekcﬁnol ] and ICT from the same experiment) of the LE and ICT decays

0.0F

] presented there, double exponential fits lead to good results.
EtCN 1 The observation that the ICT amplitude rafg/Az; (eq 4) is
5.9 kJ/mol | close to—1.0 (Figure 7) shows that the ICT state of PP can not
be formed by direct excitation fromy®ut originates exclusively

1 from the primarily prepared LE stafe:14
PrCN The decay times; andr, and the amplitude ratié resulting
3-1kJfmol 1 from these fits (eqs -35) are listed in Table 5. The shortest
decay timer; increases in the series MeCN (8.7 ps), EtCN (15.4
ps), and PrCN (31.3 ps), with a corresponding decrease in the
amplitude ratioA (eq 5) from 6.39 (MeCN) to 1.42 (EtCN) to
0.71 (PrCN).

<)
W
T

In (B(ICT)/D(LE))

—
W
T T T T

BuCN

20f
i 3.9 kI/mol

i:(LE) = Ay, exp(—t/t;) + A, exp(—tit,) 3)
-2.5

i:(ICT) = A, exp(—t/t,) + A,, exp(—tit,) (4)

3 4 5 -6
1000/T (K) A=A JA; = (k,+ Lr(LE) — L)/

Figure 6. Stevens-Ban plots of the ICT/LE fluorescence quantum (L, — k,— Lity(LE)) (5)

yield ratio®'(ICT)/®(LE) (eq 2) ofN-phenylpyrrole (PP) in acetonitrile

(MeCN), ethyl cyanide (EtCNR-propyl cyanide (PrCN), and-butyl . . .

cyanide (BUCN) against the reciprocal absolute temperature. The ~From the decay times, andz; together with the amplitude

enthalpy differences-AH (in kilojoules per mole) of the ICT reaction  ratio A (egs 3-5) and the lifetimero(LE), the ICT rate constants

(Scheme 1) calculated from the linear plots are indicated in the figure; k, andky and the lifetimer'o(ICT) can be determined by using

see the text. egs 6-8 (Scheme 1%;"14see Table 5. The fluorescence lifetime

of PP4M in the particular solvent at45 °C was taken for

larger than 1/o(ICT) and the maximum value of ;. F) as dual emission is not observed with this system (see
@'(ICT)/®(LE) has therefore not yet been reached, as this 5p5ye).

occurs in the temperature range whégebecomes equal to

1'o(ICT). 1451 = (L, + AlT,)I(1 + A) — L/ro(LE 6
In Scheme 1k, andky are the rate constants of the forward ka= (U, w2l ) “o(LE) (©)

and backward ICT reactionso(LE) and 7'o(ICT) are the ) ’
fluorescence lifetimes, wheredgLE) and k'+(ICT) are the ky = { (Ut — 1/ry)" — (2K, + 2/1o(LE) — L/zy — 1)} Ak,
radiative rate constants. @)

@'(ICT)/D(LE) = K,(ICT)/K(LE){ k/(ky + 1/ ,(ICT))} 17 (ICT) = /v, + 1k, — k,— ky — 1h(LE)  (8)

@
, , The radiative rate constantg(LE) and k'+(ICT) can be
O'(ICT)/P(LE) = K{(ICT)/K(LE) k/kq (2a) determined from the separate LE and ICT fluorescence quantum
yields ®(LE) and®'(ICT) and the data fok,, kg, andz'o(ICT)

whenkg > 1/7'o(ICT). N _ in Table 5 by using egs 9 and 10. The ralgICT)/k:(LE) is
~ From the plots in Figure 6, itis seen that the high-temperature clearly smaller than unity, as is generally the case for donor/
limit (HTL, kg > 1/7'o(ICT), eq 2aj° > holds for PP in all  acceptor systems undergoing inter- and intramolecular charge

four alkyl cyanide solvents. The following values for the ICT  transferl352.55

enthalpy difference-AH (= Eq — E,) are obtained from the

slopes of the plots: 8.8 kd/mol (MeCN), 5.9 kJ/mol (EtCN), k(LE) = ®(LE){ 1/r,(LE) +

5.1 kd/mol (PrCN), and 3.9 kJ/mol (BuCN); see Table 6. In the , .

calculation(of—AI-)L the initial assun(1ptio‘l"?'g3is made that the L (ICT)(k/ (kg + 1i'o(ICT)} (9)

ratio K(ICT)/k(LE) does not depend on temperatbteA o ,

temperature dependence ISf(ICT)/k(LE) was not expected, K{(ICT) = ©(ICT){ 1/’ ((ICT) + Lr(LE)[(ky +

as both radiative rate constants were considered to depend on 17 (ICT))/k]} = D'(ICT{ 1/7'(ICT) + F} (10)

n2.4° The absence or presence of a temperature dependence of

7'o(ICT) does not affect the results found feAH under HTL LE/ICT Fluorescence DecaysFor systems with two excited

conditions (eq 2a). The present approximate data-faH will states, such as here LE and ICT (Scheme 1), a deconvolution

be compared in a subsequent section with those calculatedof the ICT fluorescence decay with that of LE as a formal

directly from the Arrhenius plots of the ICT rate constakis excitation pulse should result in a single decay tin(eC),

andky derived from the LE and ICT fluorescence decays of PP which is equal to the sum of the deactivation pathwiayand

measured as a function of temperature. 1/7'o(ICT) starting from the ICT state; see eq F£’ This is
Time-Resolved Measurements. LE and ICT Picosecond indeed found to be the case for the LE/ICT decays of PP in

Fluorescence Decays of PP in MeCN, EtCN, and PrCN at MeCN and in EtCN at-45 °C. A comparison between the



o
)

Kinetics of ICT with PP in Alkyl Cyanides J. Phys. Chem. A, Vol. 109, No. 8, 2005505
@ 7;[ns] 0.0087 5.88 2 @ ;[ns] 0.0155 6413 2 @ 1;[ns] 0.031 7384 2
Ai(LE) 1035 1.66 0.82 Ai(LE) 372 2359 085 Ay(LE) 136 1.88 091
As(ICT) -2.09 216 0.89 Ay(ICT) -2.92  2.89 087 Ay(ICT) -1.53 220 0.89
ICT 1 cT
{3 ' ! Q) LE
2 PP EI % PP !
¢'|MeCN g | EtCN g {PrCN |
§ —45°C LE E —45°C g —45°C
7 EL_———.— J ::L——————-- EL-W
e

1000 80 100 1200
CHANNEL CHANNEL

ﬁf

Figure 7. Double exponential LE and ICT fluorescence response functioNspsfenylpyrrole (PP) in acetonitrile (MeCN), ethyl cyanide (EtCN),
andn-propyl cyanide (PrCN) at45°C. The LE and ICT decays are analyzed simultaneously (global analysis). The decay.tands; and their
preexponential factor8, (LE) andAy (ICT) are given (eqgs 35). The shortest decay timeg is listed first. The weighted deviations, expressed in

o (expected deviations), the autocorrelation functionsG) and the values foy? are also indicated. Excitation wavelength: 276 nm, 0.496 ps/
channel. Emission wavelengths: 292 nm (LE); 430 nm (ICT, MeCN and EtCN); and 380 nm (ICT, PrCN).
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Figure 8. Double exponential LE and ICT fluorescence response functiohsgifenylpyrrole (PP) in ethyl cyanide (EtCN) at (ayO0, (b)—79,
and (c)—90°C. The LE and ICT decays are analyzed simultaneously (global analysis). The decay,tamds; and their preexponential factors
Ay (LE) and Ay (ICT) are given (egs 35). The shortest decay time is listed first. Excitation wavelength: 276 nm, 0.496 ps/channel. See the

caption of Figure 7.

experimentak(LC) and kg + 1/7'o(ICT)) values shows that a
good agreement is obtained (Table 5).
7(LC) = 1/(ky + 1/7'(ICT)) (12)
LE and ICT Fluorescence Decays in EtCN and MeCN as
a Function of Temperature. LE and ICT fluorescence decays

of PP in EtCN were measured as a function of temperature.
Examples of a global analysis resulting in double exponential

decays are presented in Figure 8. It is seen that the shortes

decay timer; increases from 24 ps at60 °C to 66 ps at-90

°C. Simultaneously, the LE amplitude ratih = A;J/A11
(=kdokq asT2 < 11, €QS 3-5)*52becomes larger, from 1.58 to
3.30, indicating thak, increases in importance with respect to
ks when the temperature is lowered. The ICT amplitude ratio
Axi/A2 (eq 4) equals—1, which shows that the ICT state
exclusively originates from the primarily excited LE st&té&?
The decay timer; undergoes only a small increase with
decreasing temperature, from 6.53 ns-&0 °C to 6.76 ns at
—90 °C. The overall temperature dependencergfand A,

together with that ofr; and o(LE) (fluorescence lifetime of
the model compound PP4M, see above), is plotted in Figure
9a.

LE and ICT fluorescence decays were similarly determined
for PP in MeCN. An LE and ICT global analysis a#5 °C is
shown in Figure 7a. The decay tinagin this solvent increases
from 5.9 ps at=20 °C to 8.7 ps at-45 °C, accompanied with
a change ofA from 3.8 to 6.4 (Figure 9b). Also with PP in

tCN, 71 increases slightly upon lowering the temperature: from
.61 ns at—60 °C to 5.88 ns at-45 °C (Figure 7a and 9b).

Arrhenius Plots of the ICT Rate Constantsk, and kg of
PP in EtCN and MeCN. Thermodynamic DataE,, Eq4, and
—AH. Temperature Dependence of'o(ICT). From the decay
datar,, 72, andA for PP in EtCN and MeCN, together with the
fluorescence lifetimeo(LE) of the model compound PP4M in
these solvents (Figure 9), the ICT rate const&gt@ndky and
7o(ICT) (Scheme 1) are calculated by employing egs86
Arrhenius plots ok, andky are shown in parts a and b of Figure
10 for EtCN and MeCN, respectively. From these plots, the
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2070 S0 . (] For the activation energfy of the back ICT reaction, the
T ——— ] e — ] same value (16 kJ/mol) is found in EtCN and in the more polar
2 10p T T 7 10 To solvent MeCN. This also indicates that a late transition state is
e st Mj 55_1, L =% involved in the forward ICT reaction of PHE, decreases with

L/ RPN SN [ L O O E- solvent polarity in the same manner-adH (Table 6). Such a
i EtCN | I MeCN late transition state could mean that the ICT reaction with PP
i 13 101 46 is not dominated by changes in the molecular structure such as
60k planarization or twisting of the amino nitrogen, as the sum of
—_ T I ; the bond angles around this atom is already°36@he ground
= 1 1 A state (Figure 1 and Table 1).
S| ; ! . The magnitude of the preexponential factdeS and kq°
[ 1i | correlates well with that of their corresponding activation
20 43 energiesE, andEy. Such a correlation has also been observed
' ] 5'@ for ICT with DMABN and a number of its derivativeéd,as

90 "0 "m — 3 well as for excimer$§® The change in entropfS = R In(k°/

T [°C] kq°) calculated for the ICT reaction of PP from these data equals

Figure 9. Plots of the fluorescence decay timeand the amplitude —27 J K M~ for EtCN and—31 J K™ M~ for MeCN. These
ratio A (bottom) and of the decay time and the fluorescence lifetime ~ AS values are smaller than that of DMABN in toluene47
7'o(ICT) for N-phenylpyrrole (PP) and of the lifetime(LE) of N-(4- J K1 M), a system with a similar AH value (11.6 kJ/mol§?
methylphenyl)pyrrole (PP4M) (top) in (a) ethyl cyanide (EtCN) and This observation could also be an indication for the absence of
(b) acetonitrile (MeCN) as a function of temperature. The lines through dominating structural changes during the ICT reaction. The
the data points for,, 71, andA are calculated by employing the data  energyE(FC) of the Franck Condon state reached by emission
E?I_;Ef’e EGd) lt(gé;ﬂi‘:dwiﬁt‘yggd fg?:aét}? g&hg)mgs dF;IO?ESEI)n gé%u{ﬁelo from the ICT state of PP, 71 kJ/mol in EtCN and 77 kJ/mol in
text (egs 3-5). ' MeCN, is somewhat larger than that obtained with DMABN
and derivatives in toluene (558 kJ/mol)>2 The ICT lifetimes
T [°C] 7'o(ICT) of PP in EtCN and in MeCN (eq 8) are plotted as a
-20 =50 function of temperature in parts a and b of Figure 9, respectively.
It is seen that'o(ICT) does depend on temperature. In EtCN,
7'o(ICT) increases from 4.75 ns at40 °C to 5.97 ns at-90
°C, whereas in MeCN a similar increase from 3.95 r2Q
°C) to 4.38 ns {45 °C) takes place.

Influence of Temperature Dependent Solvent Polarity on
Ea, Eq, and AH. The polarity of the alkyl cyanide solvents in
Figure 6 increases upon coolifgTherefore, measurements of
Ea Eq, andAH from ®'(ICT)/®(LE) as well as from fluores-
cence decays do not take place under constant polarity condi-
I tions 32 Since for PP the dipole moment of the ICT state (13 D)
4.5 50 55 is larger than that of the LE state (3 B); AH will increase

1000/T [K] upon cooling. LikewiseFE, decreases with increasing solvent

Figure 10. Arrhenius plots of the ICT rate constamtsandks (Scheme polarity %61and hence with decreasing temperature, in contrast
1) of N-phenylpyrrole (PP) in (a) ethyl cyanide (EtCN) and (b) to the assumption of constant activation energies used here. The
acetonitrile (MeCN). The activation energiEsandEq (Table 5) are  jncrease in the dielectric constanof the already strongly polar
given at each plot. The Ilnfss through the d%\ta pointkfandky are alkyl cyanides, from 38.23+40 °C) to 46.89 (90 °C) for
gélculated from the Arrhenius expressior k° expE/RT); see Table EtCN a_nd from 44.50420 °C) to 50.19 (45 °C) for MeC_N,
is relatively small, however, so that the thermodynamic data
are not influenced to a large extent by the temperature

.

I EtCN |
£ Ll ;

k,

[ E;=15.7 kJ/mol

22 -

activation energieg, andEy of the forward and backward ICT dependence of the solvent polarit
reactions (Scheme 1) are determined, together with their P P Y.

: o o ; LE/ICT Decays 7(LC) of PP in EtCN and MeCN as a
preexponential factoilg® andky°. The change in enthalpyA . . .
= E,— EJ) and also in entropyAS= In(k/ks)/R) of the ICT Function of Temperature. For PP in EtCN as well as in MeCN,

éhe LE/ICT decays are single exponential at all temperatures
measured (eq 11). Examples of LE/ICT decays for PP in EtCN
at—70,—79, and—90°C are presented in Figure 11, with times
An ICT activation energyE, of 9 kJ/mol obtained for PP in  ¢(LC) of 97, 157, and 284 ps, respectively(LC) in EtCN
EtCN clearly shows that the reaction is not barrierless, a ranges from 30.7 ps at40 °C to 284 ps at-90 °C, whereas
condition that has been discussed in the literature for ICT jn MeCN timesz(LC) between 9.5 ps (25C), 29.0 ps €20
reaction$®59 For PP in the more polar solvent MeCN, a °C), and 67.4 ps+45 °C) are obtained. The complete set of
somewhat smaller ICT barrier (6 kJ/mol) results, showing that z(LC) data in EtCN and MeCN is plotted in Figure 12 and is
Ea. decreases with increasing solvent polarity, in accordance with compared with the corresponding sukg ¢ 1/(z'o(ICT)); see
earlier findings that the activation energy of ICT reactions of eq 11. The good agreement found in this comparison supports

reaction can then be obtained from these data. The results ar
collected in Table 6.

DMABN decreases with increasing solvent polafit$! This the quality of the LE and ICT fluorescence decays and their
observation is an indication that the LE ICT reaction of PP analysis.
has a late transition stat¢The ICT enthalpy change AH of k'+(ICT) and k¢(LE) as a Function of Temperature. The

PP is larger in MeCN (10.3 kJ/mol) than in the less polar solvent ICT and LE fluorescence quantum yields(ICT) and ®(LE)
EtCN (6.8 kd/mol), as is to be expected for an ICT reaction. of PP in EtCN and MeCN were measured as a function of
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Figure 11. LE/ICT fluorescence decay analysis fdfphenylpyrrole (PP) in ethyl cyanide (EtCN) at @yO0, (b)—79, and (c)—90 °C. The LE

decay is used for the deconvolution of the ICT decay, similar to the laser pulse in Figure 8. The decgy @jnshould be equal to the sum of

ks and 1t'o(ICT) (eq 11), the two processes starting from the ICT state (Scheme 1). Excitation wavelength: 276 nm, 0.496 ps/channel. See the
caption of Figure 7.
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Figure 12. Plot of the experimental LE/ICT decay timeé.C) of
N-phenylpyrrole (PP) in ethyl cyanide (EtCN) and acetonitrile (MeCN) -
versus temperature. The line through the data points represents the i K (x3)
expression 1k + 1/7'o(ICT)), eq 11, calculated from the data ff 2r f
and Eq (Table 6) and ford'o(ICT), extrapolated from the data points [

ky, k;[107s7]
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between—45 and—20 °C (Figure 9). The open squares for MeCN ——— ——— —_—

represent extrapolated data. See also Figure 11 and Table 8. [ LE-In-ICT d [ @ ]
. 0.10?351:/"'.—.: :_MeCN LE+ICT ;
temperature (Figure 13). From these data &adkg, and ® ] | e

7'o(ICT) (Figure 9), the ICT and LE radiative rate constants £ 0.05F LE 1 L LE ]
K+(ICT) andki(LE) are calculated by using egs 9 and 10. Plots i —aaea] [ :3:$=-—0—"E4:r:
of k(LE) and K(ICT) are shown in parts ¢ (EtCN) and d L e . o er
(MeCN) of Figure 13. It is seen that in both solvents the increase 0.00%75¢ -70 -50 -40 -20
of K¢(ICT) with temperature is not much stronger than that of T [°C]

ki((LE), which leads to a relatively sm_all positive temperature Figure 13. Plots of the fluorescence quantum yields and the
dependence ok(ICT)/k(LE); see Figure 13e and f. As  (adiative rate constankg(LE) andk'(ICT) of N-phenylpyrrole (PP) as
mentioned above in the discussion of the SteveéBasn (SB) a function of temperature. The figure consists of three sets of data:
plots for PP in the four alkyl cyanides (Figure 6), this the LE and ICT fluorescence quantum yiel#$LE) and ®'(ICT) as
temperature dependence leads to the observed differencavell as the total fluorescence quantum yiel(LE) + @'(ICT)) in

between—AH and—AH(SB); see Table 8:52With DMABN (a) ethyl cyanide (EtCN) and (b) acetonitrile (MeCN), the radiative

. . - . rate constantk(LE) andk'¢«(ICT) in (c) EtCN and (d) MeCN, and the
in toluene, the increase &f(ICT)/k(LE) with temperature is ratio K{(ICT)/k(LE) in () EtCN and (f) MeCN.

substantially larger than that found here for PP, partly caused
by the fact thak(LE) decreases with temperatied?

The temperature dependenc&eiCT) reported for a number
of aminobenzonitriles and other dual fluorescent electron donor
(D)/acceptor (A)-substituted molecules was interpreted as giving
support to the validity of the TICT hypothesis, suggesting a
nearly noninteracting radical ion pair'®- -A~ for the structure
of the ICT staté355 The experimental data fd¢;(ICT)!3 on

approximation is not generally valid (see below). Moreover,
instead of determining'o(ICT) from an analysis of the LE and
ICT fluorescence decays,the ICT lifetime was taken to be
constant35% in conflict with the temperature dependence of
k'+(ICT). This situation will affect the results obtained, especially
those for the formal activation energy kif(ICT).135455

which this interpretation was based came, however, from K(ICT) = ®'(ICT)/'(ICT) (10a)
@'(ICT) measured as a function of temperature, and the
simplified expression (eq 10&}(ICT) = ®@'(ICT)/7'o(ICT) was Conditions for the Validity of eq 10a. The simplified

used instead of the full eq 10 employed here. Such an equation eq 10a is valid, whentl{ICT) > F, whereF =
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1ito(LE)[(ka + 1/7'o(ICT))/kq]; see eq 10 and Schemeé“4This theoretical'=23 approaches. It is important to emphasize in this
is hence the case whéaro(LE) > (ket'o(ICT) + 1). For the connection that, in discussions of the molecular structure of the

high-temperature limit (HTLky > 1/7'o(ICT)), this condition ICT state of electron D/A-substituted molecules such as PP and
becomesksto(LE) > kgt'o(ICT) or kyky > t'o(ICT)/to(LE), DMABN, the complete absence (the TICT model) or presence
whereas, for the low-temperature limit (LTkq << 1/7'o(ICT)), (the PICT model) of electronic coupling between the D and A
the requirement is thdtro(LE) > 1.54 moieties is more significant than focusing the attention prima-

For PP in PrCN at-45°C (Tables 5 and 7), eq 10a does not fily*® on the actual twist angle (80or zero) between these
hold, as 1#'o(ICT) with 2.06 x 1® s 1is not much larger than ~ groups.

F (1.20x 1 s™1). When going to EtCN and MeCN, becomes Separation of the Overall Yields®(ISC) and ®(IC) into
smaller, reaching in MeCN at45 °C a value of 0.136 and a  LE and ICT Contributions. On the basis of the data collected
ratio F/(1/¢'o(ICT)) of 0.07, which increases to 0.119 a20 in Table 9, the separate LE and ICT contributions to the overall

°C. That the smallest value is found for PP in MeCN, although  ISC and IC yields®(ISC) and®(IC) can be determined; see

the system is under HTL condition&t'o(ICT) > 1), comes  Table 4. From the ISC rate constaméc = ®(ISC)kyo of the

from the fact that especially for this systdgfkq is clearly larger model compound PP4M, @'E(ISC) value of 0.10 is obtained

than7'o(ICT)/zo(LE) (Table 7), which means that the equilibrium  for PP in MeCN by using an equation similar to eq 9 (rewritten

is shifted toward the ICT stafé. for ISC instead of for fluorescence). In this procedtfréhe
Equation 10a likewise does not hold for DMABN in toluene  data forks, ka, 7'o(ICT), andzo(LE) from Table 9 are employed.

(Table 7)52 With this molecule, the same procedure was used The ICT contribution to the ISC yiel®'°T(ISC) (=&(ISC) —

for the determination oK(ICT) as that followed here for PP.  P-“(ISC)) can be determined from the overall triplet yield

For 4-(din-propylamino)benzonitrile (DPrABN) in toluerid, ~ P(ISC) given in Table 4, resulting in a value of 0.64. The

1/7'o(ICT) becomes substantially larger th&nalthough LTL separate LE and ICT yields are derived in a similar manner,

conditions kiz'o(ICT) < 1) are not reached (Table 7). Also here, 9iVing ®5(IC) = 0.01 and®'°’(IC) = 0.14.

F is small becauséy/ky starts to become clearly larger than )

7'o(ICT)/7o(LE) as the tempertaure decreases, a consequence of-onclusions

its relatively large—AH value. In the case of DMABN, eq 10a ICT is observed with PP in sufficiently polar solvents, starting
becomes fully applicable in the polar solvents Pref € 24.2),' with tetrahydrofurand? = 7.39). Fromd'(ICT)/®(LE) mea-
EtCN (¢2° = 28.3), or MeCN ¢*° = 36.7) but not necessarily g, rements over a wide temperature range, under the assumption
for data measured in Iesg_polay me_dla such as 1-butyl chloride 5 K{(ICT)/k(LE) is temperature independent, approximate
(€2°=7.2);*as LTL conditions in this solvent are only reached - thermodynamic data of the ICT reaction are obtained in a series
below —110°C.13:55:6% of four alkyl cyanide solvents with decreasing polarity: MeCN
No Significance of the Temperature Dependence of (€= 36.7), EICN ¢25= 29.2), PrCN ¢%5 = 24.1), and BUCN
K'+(ICT) for ICT Molecular Structure. A temperature depen- (25 = 19.8). From MeCN to BUCN,—AH decreases as
dence of the radiative rate constant, similar to that reported herefollows: 8.8, 5.9, 5.1, and 3.9 kJ/mol, determined from the
for K+(ICT) as well ask(LE) of PP in EtCN and MeCN, has  accessible high-temperature limit range of the Stevé@an
been observed for a number of molecules with smal-5S, plots of ®'(ICT)/®(LE).
transition moments. EXamples of such SyStemS are DMABN The LE and ICT fluorescence decays of PP in PrCN, EtCN,
and other dual fluorescent 4-amonobenzonitriles in toluene and MeCN are double exponential, in accordance with the two-
(K+(ICT)),%? intramolecular excimers (1,3-di(2-pyrenyl)pro-  state model (LE and ICT, Scheme 1) employed here. In support
pane)?® exciplexes;® and aromatic hydrocarbons with an  of the validity of Scheme 1, the ICT decays deconvoluted with
Si(*Lp)* state, such as pyrefi@lt is therefore concluded that  those from LE as the formal excitation pulse are single
the temperature dependencekd{ICT) of aminobenzonitriles  exponential, which is an indication of the good quality of the
and other dual fluorescent molecules is not connected with the g4ata and their analysis. The decay timésC), so measured,
presence of a perpendicularly twisted TICT st&tbut is in correspond well with the reciprocal of the sum kf and
fact a natural consequence of the forbidden character of the ICT 1((1ICT) obtained from the separate LE and ICT decay analysis
transition irrespective of its molecular structure, as discussed (eq 11). Thermodynamic data for the ICT reaction of PP in
previously®’ MeCN and EtCN are determined from time-resolved fluores-
Fast ICT with PP in EtCN and MeCN at 25 °C. cence measurements as a function of temperature. In the less
Conclusion on the ICT Molecular Structure. The rate constant ~ polar solvent EtCN as compared with MeCN, the activation
ka for the LE— ICT reaction of PP at 28C, extrapolated from  energyE, of the forward ICT reaction becomes larger (9.0 vs
ky® andE, (Tables 6 and 8), has a value of X110 s™1 (EtCN) 6.5 kJ/mol). Whereas the ICT reaction enthalpfH shows a
and 2.1x 10" s! (MeCN). From these data and those kar similar behavior (9.3 vs 6.7 kJ/mol), the activation enekgy
7'o(ICT), 7o(LE), andK(ICT)/k:(LE) (Table 6 and Figures 9  of the back reaction remains practically the same (16 kJ/mol)
and 13), the decay time is calculated (Table 8): 3.3 ps (EtCN)  within experimental accuracy. This indicates that a late transition
and 3.1 ps (MeCN). The experimental LE/ICT decay tir(leC) state governs the LE> ICT reaction of PP in these solvents,
of PP in MeCN at 25C (9.5 ps, Figure 12) is in good agreement as is also seen from the decreaseEgfwith solvent polarity.
with the extrapolated(LC) value 8.7 ps (Table 8). A similar With PP in EtCN and MeCNK {(ICT) andk¢(LE) increase
agreement is found fo®'(ICT)/®(LE). with temperature. This is caused by the low transition dipole
The fast LE— ICT reaction observed for PP in EtCN and moment of the ICT and LE transition and hence does, in the
MeCN, with an ICT reaction time kf at 25°C of 4.7 ps in case ofk'{(ICT), not contain information on the molecular
MeCN and 9.0 ps in EtCN (Table 9), supports our conclusion structure (TICT or PICT) of the ICT state.
based on a comparison of PP with the planarized PP derivative In MeCN at 25°C, the extrapolated ICT reaction timekl/
fluorazené that the pyrrole and phenyl moieties in the ICT state is 4.7 ps, whereas, in EtCN,Kk/fis 9.0 ps. These results show
of PP are coplanar and hence not electronically decoupled,that with PP in MeCN and EtCN fast ICT takes place, in
contrary to reports in the literature based on experim&noal accordance with our previous interpretation based on a com-
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parison of PP with its planarized derivative fluorazene that large
amplitude motions do not occur during the reaction to a planar
ICT state.
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