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Abstract

The formation and deactivation of the pyreN@{'-diethylaniline exciplex has been studiedriralkanes by stationary and time re-
solved experiments with photoacoustic calorimetry (PAC) and fluorescence spectroscopy. At 0.1 M concentighibaliethylaniline
a biexponential kinetics approximately applies. The formation of the exciplex occurs with rise times ranging from 0.5pasatene
to 2.9 ns inn-hexadecane. Its decay has an average lifetime of 89 ns. Hereby, fluorescence, intersystem crossing and internal conversi
participate with quantum yield®gc=0.39, &1c=0.27, andd,c=0.34, respectively. The reaction volume of exciplex formation bare of
electrostriction contributions has been determined by PAG\g— AVe=—22 cn® mol~2. The two principal contributions to the overall
reaction volumeA V¢ are solvent effects: (1) the volume of contact complex formatidfg. and (2) the volume contraction of the solvent
around the created dipol&Ve. The contribution of bond formation taVc is negligibly small. A direct proportionality betweetVg,
and the thermoelastic paramedof the solvent has been found foralkanes at 28C. This is the reason why reaction volumes and
enthalpies determined by PAC in the series-@flkanes are generally free of electrostriction contributions: structural volume changes are
directly obtained, overall reaction enthalpies are only obtained after an appropriate correction. This surprising result demonstrates that t
electrostriction corrections of PAC resultsriralkanes performed in the past are wrong. © 2000 Elsevier Science S.A. All rights reserved.

Keywords:Exciplex; Photoacoustic calorimetry; Fluorescence; Lifetimes; Quantum yields; Reaction enthalpies; Reaction volumes; Contact complex
formation

1. Introduction reaction volumes and enthalpies of photoinduced processes.
Measurements have to be performed under controlled varia-
Only a few years after the discovery of the pyrene excimer tion of the thermoelastic paramed¢of the solvent, either by
by Forster and Kasper [1], reaction volum®¥c of excimer varying the temperature of aqueous systems or by changing
and exciplex formation have been determined in stationary the solvent in the series afalkanes at constant temperature
and time-resolved high pressure fluorescence studies. Largd6-10]. Using these techniques a variety of reactions such as
negative but in part distinctly scatteriagvc data have been  fragmentation, proton release and uptake, hydrogen bridge
published for several aromatic molecules [2-5]. The forward formation, electron transfer, and conformational change have
reaction is diffusion-controlled. The scatter of th¥/c data been studied [6—19]. Just recently, intramolecular exciplex
resulting from stationary emission experiments could be a formation of donor-acceptor compounds was investigated
consequence of the influence of the solvent viscosity, if the by Braslavsky and coworkers using PAC [20,21], and by
excited states equilibrium would not have been fully estab- Morais and Zimmt using the closely related method of pi-
lished. Furthermore, in time-resolved emission experiments cosecond optical calorimetry [22jatramolecularexciplex
the accurate separation of the rate constants of forward andormation requires only low concentrations, since the ground
backward reaction, required for the calculation of the equi- state reactant is covalently bound to the excited reactant. In
librium constant, is sometimes problematic [5]. Therefore, it contrastjntermolecularexcimer and exciplex formation de-
seemed interesting to try as alternative method photoacous-mands very high concentrations of the ground state reactant
tic calorimetry (PAC), which allows the determination of in order to shift the excited states equilibrium completely to
the excited complex. In the present work we extend the PAC
* Corresponding author. method for the first time to this type of reaction.
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2. Experimental by using the program Sound Analysis 3000 version 1.13
(Quantum Northwest). In the series of PAC experiments
Pyrene (Aldrich 99%) was crystallized twice from the concentrations of pyrene and DEA were1®~# and
methanol.N,N'-diethylaniline (DEA, Aldrich >99%) was 0.1 M, respectively. The absorption of DEA was negligible
purified by column chromatography with AD3 The ref- at the excitation wavelength of 337.1 nm. Reference solu-
erence compound 2-aminobenzophenone (ABP, 99.8%tions contained also DEA in 0.1 M concentration and were
Fluka) was used as receivech-Pentane, n-heptane, optically matched to withint0.5%. The addition of 0.1 M
n-nonanen-dodecane and-hexadecane (all from Aldrich)  DEA had no influence on the velocity of sound and conse-
and n-hexane (Riedel-de-Héen) were of the highest pu- quently on the adiabatic compressibility of thealkanes.
rity available. Stationary emission spectra were recorded Since the adiabatic compressibility is only by about 30%
with deoxygenated solutions on a 650-40 fluorescence smaller than the isothermal compressibikty11], one can
spectrometer (Perkin—Elmer) and were corrected for the assume thak remains unchanged upon the addition of
wavelength-dependent spectral sensitivity of the instru- 0.1 M DEA. The amplitudes of energy normalized PAC
ment. The front-face PAC set-up was already described waves of reference solutions with and without 0.1 M DEA
[23-25]. As excitation source we used a MSC 1609 N were in the limits of uncertainty the same for each solvent.
laser from LTB (pulse width 0.5ns, pulse energy 0.7 mJ). Due to the proportionalitX ~ «¢ [11], we assume that the
The acoustic signals were detected by a Panametrics A103Saddition of 0.1 M DEA does not change the valuexoffwo
(1MHz) ceramic transducer, amplified by an Ortec 9306 independent series of PAC experiments were performed in
1 GHz preamplifier and fed to a Tektronix TDS 620A stor- Six n-alkane solvents.
age oscilloscope. The PAC apparatus was thermostated to
25+0.3°C. To detect a possible contamination of the de-
oxygenated solutions by residuabQwvhich could lead to 3. Results
a reduction of the exciplex lifetime and to corresponding
changes in the heat evolution in the PAC experiments, we 3.1. Fluorescence spectroscopy
measured the actual exciplex lifetime before and after each
PAC experiment by a AD 110 silicon avalanche diode from  The quantitative evaluation of time-resolved PAC data by
opto-electronics with a rise time of 0.6 ns. The fluorescence means of the commercial software requires decay kinetics,
cell was directly connected by tubes with the PAC cell. which can be described by a sum of exponentials. Since the
The signals were stored with the TDS 620A. The apparatus pyrene/DEA exciplex is formed in an equilibrium reaction
function was obtained by irradiating a layer of MgO with from the excited monomer, the kinetics of both transients is,
N2 laser pulses and recording the reflected light by the however, more complicated [26]. The kinetics become sim-
set-up. Acoustic signals were averaged typically over 100 plified, if the excited state equilibrium is completely shifted
laser shots. For each measurement, the laser pulse energi the exciplex side. Then, a consecutive exponential decay
dependence was examined. Only linearly energy-dependeninodel can approximately be applied. Fig. 1 compares the
results were employed. Signal analysis was performed fluorescence spectrum of pyrene (1) i $®M concentra-
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Fig. 1. Fluorescence spectra of solutions of 4Bl pyrene (1), and of 210~*M pyrene and 0.1 M DEA (2) im-pentane. Upper inset: exciplex decay
in n-pentane;c=80.3 ns. Lower inset: apparatus function, rise of the exciplex and fitpentane. Rise time 0.50ns.
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Table 1

Results of the time-resolved and stationary emission experiments

Solvent M2 (ns) DrcP 7c® (ns) kecd (1P sV Erc® (cm 1) AGcH (em™h) 29 (cm™1)
Pentane 0.50 0.361 80.3 4.50 22070 25900 4223
Hexane 0.61 0.374 85.4 4.38 21960 25670 4064
Heptane 0.88 0.368 87.9 4.19 21860 25640 4065
Nonane 1.20 0.404 90.8 4.45 21830 25650 4124
Dodecane 1.86 0.403 93.9 4.29 21860 25650 4110
Hexadecane 2.86 0.417 95.1 4.38 21750 25540 4065

aUncertainty:+0.15ns.

b Uncertainty: +5%.

¢ Uncertainty:4-3%.

d Uncertainty:+5%.

€ Uncertainty:+160 cnt 1,
f Uncertainty: +140 cntL,
9 Uncertainty:+£140 cnt 2,

tion in n-pentane with the fluorescence spectrum of a sam- cence and the triplet quantum yieldsy, and &ty of the
ple of 2x10~*M pyrene and 0.1 M DEA im-pentane (2). pyrene monomer are very low in the presence 0.1 M DEA.
Spectrum 2 consists almost exclusively of exciplex fluores- They can be estimated from?,, = 0.65 and®?,, = 0.35
cence at this DEA concentration. by dtm ~ @9, (tm/7) and dem ~ &L, (tm/7) [28].

The upper inset in Fig. 1 shows the corresponding The exciplex fluorescence quantum vyieldsc as well
time-resolved exciplex fluorescence in a longer time scale. as the lifetimeszc increase slightly and similarly from
Since the equilibrium is almost completely shifted to the n-pentane ta-hexadecane. Thus, the rate constant of exci-
exciplex, its decay time is the excited complex lifetime plex fluorescence has a constant valuéref=4.4x10°s~1
of 7c=80.3ns inn-pentané. The lower inset in Fig. 1  in the n-alkanes used. The pure exciplex spectrum is ob-
presents the apparatus function, the rise of the exciplex andtained by subtracting from spectrum 2 the properly scaled
the corresponding fit in a fast time scale. Using convolu- monomer fluorescence spectrum 1. From the spectra we cal-
tion techniques with a biexponential rise and decay kinetics culate the average energy of the fluorescence photons in the
and a fixed value c=80.3 ns for the decay time constant, n-alkanes for the pyrene monomerts,=299%2 kJ mol?
we determined the rise time of the exciplex emission in and for the excited complex aBrc=262+2kJmol L.
n-pentane to 0.580.15ns. The risetime of the exciplex The energy of the Sstate of pyrene is obtained from the
corresponds to the singlet state lifetimg of the pyrene  0-0 transition of high resolution fluorescence spectra as
monomer in the presence of 0.1M DEA. The formation Eg=322+1kJmol.
of the pyrene/DEA exciplex is a diffusion-controlled re- The free energy of exciplex formatiahG¢ and the over-
action. Using Smoluchowski’s equation and assuming the all reorganization energy, which is the sum of the re-
encounter distance as 5A, Knibbe et al. calculated the organization energies associated with the solvagt 4nd
corresponding rate constant as x@8'°M~1s71in hex-  with a single averaged high frequency skeletal mode of fre-
ane [27]. Fromry=0.61ns at 0.1M DEA inn-hexane,  quencyv, (1,) can be obtained from an analysis of the shape
see Table 1, we obtain 1.6401°M~1s1, in agreement  and position of the exciplex emission spectrum [29-31].
with their result. The lifetime of the lowest excited pyrene Fitting the experimental exciplex spectrum by the analyt-
singlet state §in the absence of quenchers§=450ns ical expression given by Gould et al. [30,31], we obtain
in alkanes [28]. By using time-resolved measurements anthe fit parameter&\Gc and, as described earlier [32,33].
estimate of the quantum yield of exciplex formation affords Table 1 lists the values atG¢ andx, which both vary only
dem ~ 1 — /7y [26,28]. With the rise times listed in  slightly in the series of-alkanes. Thus, we calculate the
Table 1 we obtairbcy ~ 1.00 for then-alkanes, indicating  average valued Gc=25 670140 cnt! (307+2 kJ mol?)
the almost complete shift of the equilibrium to the exciplex andi=4110+140cnt! (49+2 kJ mol1). According to the
(see Footnote 1). Therefore, it seems that the simple doublemodel of Gould et al., the sum &:c andx should be equal
exponential kinetic model can be used for the evaluation of to AG¢ [31]. In the limits of mutual experimental uncer-
the PAC experiments at 0.1 M DEA. tainty, this is actually the case.

Table 1 summarizes the principal results of the emission
measurements. The exciplex rise timg increases from

0.50 ns im-pentane to 2.86 ns mhexadecane. The fluores- 3.2. Photoacoustic calorimetry

L Symbols describing the exciplex kinetics are designated in analogy to P_AC_ measures the press_ure waves fOllOWIhg Ia_ser pU|Se
Birks. For e.g.tc is the excited complex lifetimedcwm is the quantum excitation of a sample relative to a reference, which com-
yields of complex formation. pletely and very quickly converts the absorbed photon
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Table 2
Parameters of evaluation of the time-resolved photoacoustic experiments
Solvent ¢12 22 X0 (cmPkJ1) f1(X) (kJmol 1) f2(X) (kdmol?1) AVe (cm®mol-1)
Pentane 0.161 0.415 1.117 297.7 241.7 -16.7
Hexane 0.144 0.434 0.935 303.7 251.9 -15.2
Heptane 0.119 0.450 0.831 312.6 256.0 -13.3
Nonane 0.106 0.442 0.696 317.5 262.9 -11.1
Dodecane 0.100 0.445 0.592 319.7 263.9 -9.6
Hexadecane 0.093 0.441 0.524 322.3 266.2 -85
aUncertainties resulting from the biexponential fit0.01.
b110].
L) S e e T of time resolution of our PAC set-up amounts to about 25 ns
I with the 1 MHz transducer, the relaxation to the exciplex
101 ) 1 is detected integrally as fast pressure wave. The second ex-
o ponential corresponds to the decay of the exciplex. Thus,
3 05r ] 1 11=1\ andt =t ¢ have been used as fixed parameters in the
'7;1 convolution procedures. The quality of such fits is demon-
< 00 \J strated by the fit curve of Fig. 2, which practically covers
I the wave 1, and by the corresponding plot of residuals. The
051 values of¢, and¢, are collected in Table 2.
» Since the amplitudeg; of the fast pressure wave is not
-1.0 e — only caused by thermal relaxation but also by chemically in-
duced volume changes occurring on the way to the exciplex,
) 0.008 T g T T L T T 3
é o0 WMM% MM el Eqg. (2) holds true [8,10,11,20].
0,008 L WMMW . .W. H p E, — ®cmAHc — OrmERM — PTMET
l =
00 02 04 06 08 10 12 14 16 EL
dcmA Ve @
Time / us ELX

Fig. 2. Normalized PAC waves of sample solutiox ~4M pyrene EL=354.8kJ motl denotes the molar energy of the laser

and 0.1M DEA (1) and reference solution ABP and 0.IM DEA (2) =y yng Er—203kImot? is the triplet state energy of

in n-pentane. Fit covers the sample wave. Fixed parametges0.5 ns, .

,=80.3 s, fit parameters; =0.152, ¢»=0.418. pyrene [26], andAHc and AVc are the reaction en-
thalpy and the reaction volume of the exciplex formation
from the ground states of pyrene and DEA, respectively.

energy into heat [34]. Fig. 2 shows the acoustic waves of X=a/(pcp)=dV/dH is determined by the thermal expansion

(1) sample solution 210~*M pyrene with 0.1 M DEA and coefficienta, the densityp, and the specific heap of the

(2) reference solution ABP with 0.1 M DEA obtained in solution. Eq. (2) is rearranged to get Eq. (3), where the

n-pentane. experimentally accessible quantities are put together in the

Signal 2 serves as the apparatus function. Signal 1 isfunctionfi(X).
shifted as compared to signal 2, indicating the presence of a
transient species, i.e. the pyrene/DEA exciplex, with a life-  (x) = {A—¢)EL — PrmErm — PTMET)

time fitting into the time window of the PAC set-up. In such Dcm
a case, signals have to be analyzed by convolution of the — AHe — AVc 3)
apparatus function with a suited pressure evolution function X

P(t) [20,24,25,35,36]. Sincécw is almost unity, the decay g g state of pyrene has similar to the ground state neg-
kinetics is simplified. A fast and quantitative relaxation to ligible dipole or quadrupole moments. This conclusion is
the exciplex occurs which is followed by its slow decay. The 4.4 from the fact thaEs decreases only by 1 kJ mdiin

pressure evolution function is approximated by the sum of going from nonpolar to polar solvents [37]. In the reaction

two exponentials in Eq. (1). of the nonpolar pyrene with the weakly polar DEA a highly
o1 ¢ b2 P polar exciplex is formed, which leads to a strong rearrange-
P@) = (T—1> EXp<_r_1) + (T—2> eXP(-a) (1) ment of solvent molecules caused by electrostatic interac-

tions. Around the newly created dipole a reorientation of
The first exponential describes the pressure evolution dur-the solvent molecules and a solvent contraction takes place,
ing the fast relaxation to the exciplex. Since the lower limit which becomes particularly important in nonpolar solvents.
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Table 3
Values of solvent dielectric functions and isothermal compressibility
Solvent € q 10°«2 (bar 1) 10°qp (barl) 10%q7° (K1) Tar—q
Pentane 1.841 0.1796 298 —2.37 —0.250
Hexane 1.886 0.1857 16.72 2.53 —2.10 —0.248
Heptane 1.925 0.1907 14.40 2.22 —1.90 —0.247
Nonane 1.970 0.1964 11.77 1.85 -1.71 —0.247
Dodecane 2.021 0.2025 9.87 1.59 —-157 —0.249
Hexadecane 2.058 0.2068 8.67 142 —1.46 —0.250

a4a3.

b Derived from the values of given in [10].

¢Value extrapolated using the linear correlationggef with g, including the data fon-octane anch-decane.

Therefore, the electrostriction effects have to be considered(CT) state of a rigid donor-bridge-acceptor compound

in the evaluation of the PAC measurements. Kirkwood'’s the-
ory yields Eq. (4) as relation for the free energyse of
electrostatic interaction of a point dipole in the center of a
spherical cavity of radiusin a solvent of dielectric constant

€ [38,39].

2

%
AGel = —Na (—3> q
r

Here, Na is Avogadro’'s numberyu andr are the dipole

(4)

in n-heptane by PAC measurements. With the change
of Na(u?/r®) of 760kJmot? the calculation resulted in
AVei=—167 cn¥ mol~! for n-heptane. Thus, it seems rea-
sonable to use the above given Eqgs. (4)—(7) to estimate the
pure electrostriction effecta Gg), ASs, AHel, and AVg in
n-alkanes.

The data of Table 3 show that the differendeg —g~
—0.25 and thus\Hg| (Eq. (7)) remain constant in the series
of n-alkanes. Therefore, we conclude that the enthalpy of

moment and the radius of the spherically assumed solute€XCiplex formationAHc, which is the intercept (INT) of the

molecule, andj=(¢ +1)/(2¢+1). The pressure and tempera-
ture derivatives oG yield the corresponding volume and
entropy effectsAVeg and AS in Egs. (5) and (6) [39,40].

2

AVel = —Na (’:—3) ap ()
2
ASe| = Na <r—3> qr (6)

The parameters)p and gy are related to the pressure
and temperature derivatives of qp=3(2+1)"2(de/dP)r,
ar=3(2¢+1)"2(de/dT) p. Finally, the enthalpy of solvation
of the dipole is calculated vidaHe=AGe+TAS by EQ.
(7).
2

atta =N (%5 ) Tar - ) @
The parametergp andqr are accurately known only for
a small number of liquids. However, they can be calcu-
lated for nonpolar solvents like alkanes on the basis of
the Clausius—Mosotti equation from the isothermal com-
pressibility « and froma by gp=(e—1)(e+2)k/(2¢+1)2
and qr=—(e—1)(e+2)a/(2¢+1)? [20,41]. The change of
the polarity parameteNa(u2/r3) upon formation of the
pyrene/DEA exciplex was determined in a study of the sol-
vatochromic shift of the fluorescence as 60 kJTidK2].
The values of the of, q, gp, andqgy are listed in Table 3.

It has recently been shown for the first time by Wegewijs
et al. that the calculation of the electrostriction voluxég
by Eg. (5) leads to realistic values for nonspherical dipole
molecules inn-alkanes [21].AVei=—160+30 cn? mol~1
was determined for the highly polar charge-transfer

plot of f1(X) versus IX (Eg. (3)), is actually constant in the
series ofn-alkanes. However, the corresponding slope (SL)
AVc cannot be constant, because of the distinct variation
of the electrostriction volumaVg (Eq. (5)), which ranges
from —16.7 (-pentane) to-8.5 cr® mol—1 (n-hexadecane),
see Table 2, and which additively contributesAtWc, vide
infra. The variation oAV¢ can be taken into account by Eq.
(8), or by Eg. (9), derived by simple addition of the same
term AVg)/X to both sides of Eq. (3).

f1(XDX + AVei= AHcX — (AVe — AVy)

AV AVe — AVg

SiX) + ¥

— AHc — ( ®)

9)

If AHc and AVc—AVg remain constant in the series
of n-alkanes, linear correlations off(X)+AVe/X ver-
sus 1K (Eq. (8), Sl=—(AVc—AVg), INT=AHc) and
f1(X)X4+AVg versusX (Eg. (9), SI=AHc, INT=—(AVc
—AVg))) are expected.

The amplitudep, of the time-resolved recorded slow pres-
sure wave corresponds to the decay of the exciplex, which
occurs only by fluorescence, by internal conversion (IC),
and by intersystem crossing (ISC) to the pyrene triplet state
with quantum yielddtc. These three processes lead to dis-
sociation of the exciplex. Since the dissociation products of
the exciplex are identical with its educts, with the only ex-
ception that pyrene is;Sexcited as educt butifexcited or
nonexcited as product, the corresponding reaction volume
should be-AVc. ¢ is given by Eqg. (10), which rearranges
to Eq. (11).

AHc — ®rcEFc — PcET  PcmAVc
E E X

¢2 = Pcm (10)
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2 EL
fa(X) = ¢ + ®rcErc
dcm
AV,
= AHc — ®1cET — TC (11)

Again it has to be considered that/c varies in the series
of n-alkanes because of the variation®¥,, whereasAHc

remains constant. Therefore, we derive Egs. (12) and (13),
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fo(X)=b2EL /Pcm+DPrcErc. Straight lines result from linear least
squares fits.

fits according to Egs. (8) and (9) lead to different results:
INT=260 and SL 19.0 (Eq. (8)) and IN922.6 and SL 255
(Eqg. (9)). Therefore, we conclude that the fit parameters
of the correlations of Fig. 3, i.eAHc=265+3kJ mol1

and —(AVc—AVe)=22.9+4.0cn?mol~! (Eq. (8)) and
AHc—®71cEr=212+4kdmoll  and —(AVc—AVe)=
21.5+4.1cn¥mol~! (Eq. (12)) are more realistic. In the

which can be used to separate the enthalpic and volumetriclimits of uncertainty both slopes of Fig. 3 are equal, con-

contributions.

AVe

AVe — AV,
f2X) + =% = AHe - @rcEr — ————=  (12)
f2(X)X + AVei=(AHc — P1cET)X
—(AVe — AVe) (13)

Data of X, f1(X), fo(X), as well asAVg are given in
Table 2. Fig. 3 shows the correlations according to Egs.
(8) and (12). Roughly linear correlations are obtained.
Linear least squares fits result in very similar slopes
of —(AVc—AVe)=22.9-4.0cnPmol~! (Eqg. (8)) and
21.5+4.1 cn? mol~1 (Eq. (12)). The enthalpic contributions
are obtained as interceptsHc=265+3 kJmot! (Eq. (8))
and AHc—®1cEr=212+4 kI mol ! (Eq. (12)).

Both linear fits of the correlations according to Eqgs. (9)
and (13) meet almost the same intercept wifA Ve — AVe))
=25.92.7cntmol~! (Eq. (9)) and 25.22.8cn¥ mol~?!
(Eq. (13)), see Fig. 4. The slopes amountAblc=261+
5kJmolt (Eq. (9)) and AHc—®1cEr=207+6 kJ mof?!
(Eqg. (13)). The apparently better quality of these correla-

firming the consistency of the evaluation of the PAC mea-
surements with respect to the reaction volume. We obtain
the mean value of the reaction volume of the pyrene/DEA
exciplex formation bare of electrostriction contributions
AVce—AVe=—22 c® mol~1. The difference of both inter-
cepts of Fig. 3 yieldsbrcEr=53+5 kJ molL. According

to Eqgs. (8) and (12f1(X)—f2(X)=®1cEr holds true for
each solvent. Actually, the differences scatter only slightly
around the average valu®tcET=55+2kJmolL. With
Er=203kJmot! &1c=0.27+0.03 results as average value
of the quantum yield of exciplex ISC in-alkanes. Taking
the mean value ofbpc=0.39£0.02 the quantum vyield of
IC of the exciplex isd;c=0.34+-0.04. Finally, we calculate
with the average excited complex lifetimg=89+5 ns the
following rate constants for the three deactivation chan-
nels of the exciplex im-alkaneskrc=(4.4+0.3)x10Ps™1,
krc=(3.00.3)x10° s1, andkic=(3.8+0.5)x 10° s~ 1.

4. Discussion

tions is the consequence of a forced linearization. To answer4.1. Correction for electrostriction of PAC results obtained
the question which of these correlations lead to the more in n-alkanes

realistic results, we performed experiments with a synthetic

set of data calculated by=260+-20/X. Linear fits accord-

During analysis we discovered that photoacoustic mea-

ing to Egs. (8) and (9) reproduce, of course, the values 260surements in the series rfalkanes generally yield reaction
and 20. If we add to the data a similar scatter as found volumes bare of electrostriction contributions/c—AVeg,.

experimentally, i.e. positive deviations in the center and

This surprising result is caused by the almost perfect direct

negative deviations at both ends, compare Fig. 3, then theproportionality ofgp with X for n-alkanes at 28C. The data
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of Tables 2 and 3 already demonstrate a strong linear corre-enthalpy of the formation of the CT state. However, it is

lation of gp with X. Inclusion of the data fon-octane and
n-decane yieldsyp=(1.9+0.6)x 10 64(2.4+0.1)x 1075X.
Thus, the relation AVe=—10"INa(u2/r3)(0.24+2.4X)
cm®mol~! results, if Na(u?/r3) is given in kJmot?!
and X in cm®kJL. Since the intercept of that rela-
tion is only small and sinceX is not smaller than
0.524 cni kJ-! (n-hexadecane), the approximately constant
ratio AVe/X~—0.24Na (12/r3) kI mol1 holds true. Since
X=dV/dH, we derive AHg=AVg/X. As a matter of fact,
the values ofAHg~—0.23Na (12/r3) kI mol-1 are also ap-
proximately constant in the series ofalkanes, vide infra.
Consequently, we obtain Eg. (14) from Eq. (8).

X

Since AVc—AVg as well asAHc—AHg can be assumed
to be constant in the series ofalkanes, Eq. (14) tells us
that linear correlations offy(X) with 1/X can generally be
expected in the series nfalkanes even in the case of strong
electrostriction effects. Thus, in contrast to the current inter-
pretation, slope and intercept of linear correlation$; 6X)
or fo(X) with 1/X are volumetric and enthalpic quantities free
of electrostriction contributions. This is a very surprising but
important conclusion.

Correction for electrostriction b}V is only necessary,
if overall reaction volumesAVc are of interest. Overall
reaction enthalpieAHc are only obtained after addition of
AHe~—0.2Na (1?/r3). Therefore, the knowledge of the
change of the polarity paramets (2/r3) during reaction
is necessary for the determination of overall reaction vol-

f1(X) = AHc — AHe — (14)

obvious that this interpretation makes no sense, since this
energy is much larger than the molar energy of the ex-
citing laser photon€, =388 kJ mot!. However, Eq. (14)
tells us thatAHc is obtained from the intercept after ad-
dition of AHga~—0.23Na (1%/r3)=—190kJI mot L. We cal-
culate AHc~316 kJmot! which agrees rather well with
the estimate ofAHc=286+35kJmot! of Wegeweijs et

al. [21]. The slope of the plot ofy(X) with 1/X amounts

to —23+10 cn? mol—1. This small volume effect is the re-
action volume of CT state formation bare of electrostric-
tion contributions according to Eqg. (14). Actually, a pure
structural contribution of the reaction volume near by zero
is expected for the formation of the CT state of the rigid
donor-bridge-acceptor compound investigated. Considering
the uncertainty of they; data we state fair agreement. Thus,
the results of this PAC study convincingly confirm our con-
clusions.

4.2. Energetics

The electrostriction effect on the free energy of exciplex
formationAGc varies only slightly in the series ofalkanes.
The values ofAGg calculated according to Eq. (4) range
from —10.8 (-pentane) to-12.4 kI mot?! (n-hexadecane).
This result is in line with the almost constant data/dbc
obtained in the analysis of the exciplex spectra which vary
in the same series from 309.7 to 305.4kJmdolThe §
state of pyrene has no or only a negligible dipole moment
[37]. Thus, electrostatic interactions with the solvent are very

umes and enthalpies but not for structural volume changes.small. Therefore, neither significant reorientation of the sur-

For example, we obtain from our data fa{X) the slope
—(AVc—AVe)=23.7+4.2 which is only 0.8crimol~!

rounding solvent molecules nor volume contraction occurs
after excitation on the way to the relaxegd<tate. Hence, the

larger than the result obtained with Eq. (8). We calculate the S; state energy should be equal to the enthalps and the

reaction enthalpy of exciplex formatiaHc=265 kJ mot?!

by adding AHe~—0.2Na(u2/r3)=—15kImot?! to the
intercept value 2884 kJ molL. These conclusions are also
valid for the results of correlations dfi(X)X or fo(X)X
with X. This finding demonstrates that the electrostriction
corrections of PAC results im-alkanes performed in the

past are wrong, e.g., [10,11,20]. The corrections of the re-

action volumes are superfluous, if only structural volume

free energyA Gs of the formation of the equilibrated; State
from ground state pyreneAGs=AHs=Es=322kJmot!

and thus,ASs=0. With the valueAGc=307 kJmof?, ob-
tained in the analysis of the exciplex spectrum we calculate
AG*=AGc—AGs=—15kJ mot® for the formation of the
pyrene/DEA exciplex from Sstate pyrene and DEA. This
value is in good agreement with the free reaction energy
AG*=—13kJ mot resulting from the corresponding equi-

effects are of interest, whereas corrections of the reactionlibrium constantK=177 M~ determined by Knibbe et al.

enthalpies are necessary.

in hexane [27]. Thus, it is demonstrated that equilibrium

The magnitude of the electrostriction correction depends constants of excimer or exciplex formation are accessible

on the change dfia (12/r3). Therefore, the results of a PAC
study on the photoinduced formation of a ‘giant dipole’
charge-transfer (CT) state with a changeNaf(11%/r3) by
760 kI mot! by Wegewijs et al. will be used for an illus-
tration of our conclusions [21]. Taking their amplitudes

from the analysis of the fluorescence spectra of the excited
monomer and complex.

Temperature dependent stationary emission experiments
in paraffin resulted inAH*=—35kJmol! [27]. With
our value of AG* we calculateAS*=—76 JK 1 molL.

of the pressure waves evolving in the fast and complete AHs+AH* yields AHc=287 kJmot?!, which is much

formation of the CT state im-alkanes we calculate val-
ues offy(X)=(1—¢1)EL. The correlation of;(X) with 1/X

is actually linear and yields as intercept 36®kJ molL.
Normally, this energy would be attributed to the reaction

larger thanAHc=265kJmot! found in the present PAC
study. It seems that the value afHc resulting from the
PAC study is significantly too small. The average en-
ergy of the fluorescence photons of the exciplex amounts
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to Epc=262+2kJImol!. Since fluorescence leads with- 400 y
out solvent reorientation from the relaxed exciplex state r S, £
XC

to a nonrelaxed Franck—Condon position in the repul- L
AGg wroeeeene > /
4G e

sive ground state, solvent reorganization with a corre-
sponding negative enthalpy changeHr=—AHc+Erc

has to occur upon returning to the thermally equilibrated
pyrene and DEA molecules. TherefoteHc must be dis- I T, @rc P

tinctly larger thanErc. We recently determined a value i \

300 ¢ A

of AHrR=—21kJImot?! for the deactivation of the CT
state of 9,9bianthryl (BA) (Na(12/r®)=92kJmot?) in
n-hexane [32]. Taking into account the smaller value
of Na(u?/r®)=60kImot? of the pyrene/DEA exciplex,
AHr~—14 kI mot ! could be realistic for the exciplex but
not Hr=—3 kJmol L. Thus, we conclude that the value of r ~4Gpy| -AGgc 1
AHc obtained in this PAC study is at least by 10 kJ mol 100 F -
too small. A
We have once more analyzed our PAC experiments in de- | So
tail looking for possible artifacts. However, we found no ex- \

T

200

AG / kJ mol ™!

perimental errors perhaps with exception of the evaluation

of the PAC signals. Normally, the separation of the fast and 0

slow contributions to the acoustic wave is no big problem

in time-resolved PAC, if the time window of the PAC set-up

is properly chosen and the suited kinetic model is used. We Fig. 5. Free energy diagram of the photophysics of the formation and

have previously demonstrated that it is possible to obtain andeactivation of the pyrene/DEA exciplex malkanes.

accurate separation of the amplitudgsand¢, of the fast

and slow contributions in biexponential decays and even to ) o

correctly separate the fast, intermediate, and slow contribu-the negative lvalue of the overall reorganization energy of

tions to the PAC signal in a triexponential decay by use of 49+2kJmol=. The T, state of pyrene has most probably

the available programs [36]. However, as mentioned above, € same zero dipole morln_ent ag@d  [37]. Therefore,

the kinetics of the formation and decay of an exciplex sig- tS €nergyEr=203kJmor = is equal toAHt and AGr.

nificantly differs from a sequential biexponential kinetics.

Unfortunately, only the latter kinetics can be handled by 4.3. Exciplex decay kinetics

the commercial evaluation software. Perhaps it is the use

of the only approximately correct kinetic model, which re- Fluorescence, ISC to the Btate of pyrene, and IC con-

sults in a systematically too large value ¢f and conse-  tribute with similar probability to the overall deactivation

guently too small value oAH¢c. However, a decrease ¢f of the exciplex as can be seen from the corresponding

would require a corresponding increasegefto reproduce  rate constantkec=4.4x10°s1, kyc=3.0x10Ps 1, and

the overall PAC signal, i.eh1+¢o=constant. Then, the val-  kc=3.8x10Ps 1. The rather large rate constant of ISC of

ues off1(X) andfz(X) would change, however, the difference the exciplex inn-alkanes looks at first glance surprising.

f1(X)—f2(X)=d1cET would still remain constant. Thus, the  There are only few data which can be used for a meaningful

values of®dtcEr should be free from the above suspected comparison. The pyrene excimer has almost the same en-

systematical errors. ergy gap between the excimer state and the pyrene triplet,
The data allow the calculation of the complete thermo- for which 81kJmot?! results from AHs=322kJmot?,

dynamic cycle of formation and decay of the pyrene/DEA AH*=-38kJmot?! [28], and the known value of\Hr.

exciplex. Fig. 5 illustrates the thermodynamic aspects of the The corresponding energy gap amounts to 84 kJtédr

pyrene/DEA photophysics in-alkanes by means of a free the pyrene/DEA exciplex. All rate constants have separately

energy diagram. The free energy of the radiative fragmenta-been determined dgc=10.5x10fs 1, kyc=1.8x10°s 1,

tion of the exciplex into ground state molecules consists of and kic=6.8x10°s~! for the excimer in ethanol, whereas

contributions due to exciplex fluorescence and ground statein cyclohexane besidekec=11.6x10°s1 only the sum

reorganization'— AGc=AGgc+AGR. Fluorescence leads kte+kc=3.9x10° s is known [28]. The rate constants

from the relaxed exciplex to a nonrelaxed Frank—Condon po- for radiationless decay of the pyrene excimer decrease with

sition on the $ potential curve without solvent reorientation. decreasing solvent polarity. If ISC as well as IC decrease

Therefore, AGec=AHpc=—Erc=—262+2 kJ mol? holds by the same factor, then ISC of the excimer occurs with

true. Reorganization subsequently occurs on the groundkrc<1x10°s~! in nonpolar solvents. Thus, it seems that

state surface with Gr=—AGc—AGpc=—45+3 kJmol 1, in nonpolar solvents ISC is faster for the polar pyrene/DEA

which agrees in the mutual limits of uncertainty with exciplex w=12D [42]) than for the nonpolar excimer.

Reaction coordinate
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Actually, CT interactions are known to promote ISC in ex- Here, (¢//dP) is the pressure derivative of the interfacial
ciplexes as for example in the quenching of the triplet states tension between the solvent and the hard walls of the solute

of electron donors by ©[44], as well as the quenching of molecules,AS,qw is the overall change of the molar sur-
singlet oxygen by ground state electron donors [45,46]. face of the hard core (van der Waals) molecules participating

in the reaction,Av is the sum of the stoichiometric num-

4.4. Reaction volume bers, andcRT s the translational contribution to the partial
molar volume. Eq. (15) reveals that the volume of contact

e complex formationAV.c contains a solvent structure per-

The findings that the correlations of Fig. 3 have th , - Vel
same slope and the correlations of Fig. 4 meet the Sameturbat|on term and a translational contributi@xV,. can be

intercept strongly support the validity of the reaction of considerable magnitude. Therefore, it is absolutely nec-
volumes determined in the present PAC study. The av- €SS&Y for a meaningful interpretation of reaction volumes,

erage value is obtained asVc— AVe=—22 cr molL. although the effect oAV still presently is ignored [48,54],
With AVe=—15cn?mol~, see Table 2, we obtain to consider the value ahVc as third contribution ofAV.

AVc=—37cnPmol~t for the pyrene/DEA excipleX AV = AVigw + AVee + A Ve (16)

in n-hexane. Stationary fluorescence measurements in ) o ) ]
n-hexane as a function of hydrostatic pressure resulted in Ve"y different mechanistic conclusions can be obtained

AV*=—32 crPmol~ for the formation of exciplex from [11,55-58]. For example, it has been shown by us in an
S, excited pyrene and DEA [47]. Since the State of analysis of reaction volumes of excimer formation that no

pyrene has the same dipole moment and van der WaalsC" only a negligible negative contributiaVygw to AV re-
volume like the ground state\V*=AVc should hold sults, if the values o\ V¢ are taken into account [56]. These

true. Thus, in the mutual limits of uncertainty the re- results coptradict early interpretations of these reaction vol-
sults of both methods agree and a common average ofdMmes, which assumedV=AViqw [2,3,59]. It was argued
AVc—AVe=—20 cn? mol—1 is obtained. that a r_eductlon of th_e distance between both parallel planar
Until now a rather simple hypothesis is mostly used for aromatic molecules in the contact complex by about 0.5A
the interpretation of reaction volumes. In a rough approxi- Would occur upon excimer bond formation, which would
mationAV is considered as a sum of an intrinsic component, P€ sufficient to explain quantitatively the magnitudexdy.
which is assumed to be equivalent to the chandqw of However, this vivid mechanlstlc mterpretatlon_neglects the
the pure van der Waals volumes, and a solvation componentVéakness of the excimer bond and the strong increase of the
which is believed to represent all volume changes associated €PUISive potential below the collision distance preventing a
with changes in polarity, electrostriction, and dipole inter- significant further_ decrease of tr_\e intermolecular dlstanpe.
actions during the reaction, i.&\ Ve [48]. However, there The interpretation of Fhe reaction volume of the formation
exists a significant third contribution, which mostly is over- ©f the pyrene/DEA exciplex follows the lines given for the
looked. According to Yoshimura and Nakahara, the forma- €XCIMers [56]. We obtainedVc—AVei=AVvaw+AVee=

) A ) _ _1 . . B
tion of a contact complex is accompanied by a volume con- —20 cn? mol~. Eq. (15) is used for the estimation afee.
traction already in the complete absence of any attractive It is assumed that only those contact complexes can react, in

interaction [49]. The addition of a solute to a solvent leads which both pIana_r molecules form a sandwich conformation.
to a perturbation of the packing of the solvent molecules in 1hen, the reductiolSyqgw of the solute surface exposed to
the liquid, causing a reduced packing fraction in the direct the sol\_/ent is calculated as the area of the flat surface of the
solvent shell of the solute molecules in the absence of elec-&romatic molecule per mole. Yoshimura and Nakahara de-
trostatic interactions. Hereby, the overall volume increase is "ved for alkanes dlssolved1|1n carbon tetrachloride &5
proportional to the surface of the solute. If two separate so- (€ value (¢#/dP)=3.6x10"""m [52]. In default of other
lute molecules form a contact complex, the overall surface, data we take this as a general value for nonpolar organic
which is exposed to the solvent is smaller for the contact solvents. The diameter of the disk-shaped benzene molecule
complex than for the separate molecules. Consequently, the2Mounts to about 6A. Thus, we calculate for the forma-
overall volume of the solvent shells of lower packing frac- tONn of a benzene sandwich contact complex with com-
tion decreases, which leads to a negative volume of contactP!€te coverage of the planar surfaces at room temperature

— 2 —1 - —1
complex formationAVc. Firestone and Smith arrived at ASVdW__?"A'Xl(r);m m_oll . AvkRT=-2.6cn?mol
very similar conclusions in the analysis of Diels—Alder reac- @1dAVee=—15cnt mol™*. The planar surface of naphtha-

tion volumes [50]. They found that about 85% of the loss of 1€n€ is about 1.5-fold, and that of pyrene about two-fold
volume that occurs during the reaction results from the loss [arger than the planar surface of benzene leading to es'gmates
of empty space surrounding the molecules and not from the ©f AVee=—21 (naphthalene) andVee=-27 cn? mol-
reaction itself. The quantitative treatment of the problem by (Pyréne). The maximum coverage of about 75% of the pla-
Yoshimura and Nakahara leads to Eq. (15) [49,51-53]. nar pyrene surface is obtglngd in the pyrepe/DEA gxuplex,
when the DEA molecule lies in the long axis sandwich-like
on the pyrene moiety. ThereforeyVcea—21 cn? mol—1

dy
AVee = <_> ASvaw + AvieRT (15) is estimated for such a configuration. This value is almost

dp
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