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Volume Change Associated with Large Photoinduced Dipole Formation in a Rigid
Donor—Acceptor Compound: New Approach to Optoacoustic Volume Determination
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Time-resolved laser-induced optoacoustic spectroscopy was used to study the charge separation process taking
place in the excited state of a dondiridge—acceptor (D-br-A) compound in alkane solvents. This molecule
contains a D-A pair separated by a rigid saturated hydrocarbon bridge 6 sigma bonds long. Excitation at
308 nm results in very efficient long-range charge separation, leading to formation of a charge-transfer (CT)
state with a dipole moment of 38 D. By monitoring the pressure waves generated during the decay of the
excited species, we could discern three consecutive relaxation processes. To separate the contributions of
enthalpy and structural volume changad/(;), experiments were carried out with a seriesr@ikanes having

different photothermal properties. However, the usual separation method clearly failed for this system, and
a new approach was developed to ensureAhit remained constant across the alkane series. This consisted

of selecting conditions where the solvent compressibility could be considered constant over the experimental
range. In this wayAVs; values betweenr-110 and—200 mL/mol were obtained, depending on alkane length

and temperature. These are remarkably large contractions, which can be attributed only to electrostriction of
the alkane solvent around the dipolar CT species. Interestingly, the contractions are as large as predicted by
classical electrostatic theory. The quantum yield of triplet formatin,determined from the optoacoustic

data, revealed a strong dependence on the oxygen content of the solution. A \@lue & 04 was obtained

for the intrinsic quantum yield in the absence of oxygen.

1. Introduction exciplex formation taking place in this molecule, where the
. . _ distance between D and Rfx) is reduced from 5.4 A in the

The study of reaction volume changes occurring during g6, nd state te-3—3.5 A in the exciplex state, leading to the

electron transfer reactions is of interest with respect to two main smaller volumé. Indeed, as subsequently pointed out by

t%p_'c'i: Intr;nsm m°|eC.UI|‘3r _vc]:lumetghangefhln aldoimccfptorf Schmidt and Scha,® such a contraction upon exciplex forma-
( ) system may yield information on thé electron ransier ., is in jine with the contaetcomplex theory of Yoshimura
mechanism, whereas volume changes from expansion Of2nd Nakahara

contraction of the solvent shells around the-® compound ) ) .
might give valuable insight into the thermodynamics of the To put these interpretations further to the test, we decided to
solvent reorganization processes. study the solvent volume changes separately. For a suitable
By means of laser-induced optoacoustic spectroscopy (LIO- probe molecule we selected D-br-A compohekhich contains
AS), one can monitor structural volume changés/d) in a d]methoxynaphthalene group as a donor anq a dicyanovinyl
addition to the volume changes caused by heat release process plety as acceptor, §eparated by a n.orbornyl-llke hydrocarbon
ridge with an effective length of 6 sigma bonds, or a center-

taking place after excitation of a chromophé#e.With this ) A o i
method, the pressure waves generated by the relaxation of thd©-Center separation of 9 A. Upon excitation at 308 nm in alkane

absorbing species are detected by a piezoelectric transducerSClution, fast charge separation takes place with a quantum yield
Consecutive decay processes with distinct time constants carPf Unity, resulting in a so-called “giant dipole” charge-transfer
be observed separately, yielding time-resolved information. ~ (CT) state & = 38 D) with a lifetime of 40 n$. This rather
Earlier we showed that for D-br-A compoutidn n-alkanes, long lifetime offers the possml_llt_y_ of dlstujgwshlng t_he decay
a contraction of~40 mL/mol occurs upon electron transfer and ofthe CT state from that of the initially excllted Iocql dlmeth oxy-
subsequent exciplex formation (see Figuré By taking into naphthalene state with the L_IOA_S technique. S_mce this rigid
account simple electrostatic considerations, we estimated thatcOmpound cannot undergo significant conformational changes,
the contribution of solvent reorganization should be arou8 any volume change observed should be attributable to the
mL/mol, leaving an intrinsic molecular volume change-¢15 interaction with the solvent. Moreover, in alkanes no specific

mL/mol. The latter contribution could be attributed to the iNteractions are to be expecttand only a general response
related to solvent electrostriction could take place.

* To whom correspondence should be addressed. E-mail: braslavskys@ A further advantage of this molecule pertains to its much

mpi-muelheim.mpg.de. larger dipole moment thaty, which should result in a consider-
! Max-Planck-Institut. ably larger solvent contraction. Indeed, our experiments clearly
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The Netherlands. magnitude of the contraction depends on the properties of the
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Figure 1. Structures of the D-br-A compoundsand?2 in ground and CT state. The semiflexible bridgelddllows for molecular folding in the
charge-separated'Ebr-A- state to form the exciplex (with aRpa of 3—3.5 A), whereag incorporates a rigid bridge that keeps D and A fixed
at a center-to-center distance®A under all circumstances.

solvent itself. This posed a problem for obtaining accurate slit in front of the cuvette. The solutions @fwere deoxygen-
guantitative information on the volume change. Normally, the ated by bubbling with solvent-saturated Ar for-180 min.
procedure for separating different contributions to the observed 2.3. Signal Handling. The sample signal was treated as a
signal in organic solvents consists of using a serigsalkanes, convolution of the instrument response function (given by the
where the enthalpy and volume changes are supposed to beeference compound, which releases all of the excitation energy
constant:10 In this case, the alkane variation method clearly as heat within 1 ns) and a time-dependent pressure evolution
failed, given thatAVs; was obviously not constant, and forced function associated with the relaxation of the excited species.
us to use a slightly different approach involving adjustment of With the help of a deconvolution program (Sound Analysis
the temperature of the various alkane solutions to control the version 1.13, Quantum Northwest) the lifetimg) @nd ampli-
compressibility of the solvent. Although this new approach tude ;) values were obtained for the various decay processes.
seems valid, it cannot be applied over a wide range of For a process with a quantum yield of unity, the amplitude is
experimental values, this leading to a relatively large error. given by eq 1%12
Nevertheless, some clear conclusions on the factors influencing

the magnitude of the structural volume change could be drawn _ 9 ©pP
and could be given a consistent interpretation in terms of the %= E, E, \pB
simple dielectric continuum model. Furthermore, the relevance

of the LIOAS results with respect to some other photophysical whereg is the heat release#; the laser excitation energy,
properties is discussed, leading to a value for the triplet quantumthe cubic expansion coefficierd, the heat capacity, angthe

yield that agrees well with transient absorption results. Finally, density. A plot ofy; versus the solvent thermoelastic parameters
the thermodynamics of CT state formation Inis briefly  ratio (Gy0/B) will yield g from the intercept (corresponding to
addressed, yielding an estimate of the large negative entropyAH;, the enthalpy change of the process) axid, from the

of solvation at room temperature. slope, assuming that both the heat release and volume change
remain constant wheguo/f is varied.

To minimize differences in arrival time of the pressure waves
due to the temperature dependence of the sound velocity in
fluids, we thermostated the cuvette with an accuracy of 0.1 K.
Still, when working with heated or cooled solutions, the long-

ALSU(Cpp) (l)

2. Experimental Section

2.1. Materials. The synthesis oR has been published
previously!! For a calorimetric reference compound we used

2-hydroxybenzophenone (2HOBPyhich was obtained from
Merck and recrystallized from ethanol. The alkane solvents
used (-hexane n-heptanen-octane,n-nonanen-decane, and
n-dodecane) were purified before use by distillation or column
chromatography.

2.2. Methods. The LIOAS setup consists of an FL2000
Lambda Physik-EMG 101 MSC excimer laser (XeCl, 308 nm)
operating at 1 Hz, irradiating a 1-cm path length absorption
cuvette equipped with A-polyvinylidene difluoride film (40

term variation in temperature between sample and reference
could be as large as 0.5 K, leading to differences in arrival time
as great as 10 ns. This meant that the deconvolution program
sometimes had difficulties in finding the correct time-shift
between reference and sample signal and ended up in a local
minimum, which introduces an error in the relative magnitudes
of the first and second amplitude. Worse still, a slight change
of temperature during one measurement results in an ill-defined
arrival time (i.e., a “smearing” of the signal), in which case no

um thick) as a piezoelectric detector pressed against the cuvettdrue minimum can be found anymore and the measurement
wall parallel to the direction of propagation of the pump pulse. should be rejected. For these reasons, the signal was fitted over
The signals were amplified 100 times (Comlinear E103) and a wide shift range in steps of 1 ns, and the resuljihgalues

fed into a transient recorder (Tektronix TDS 684A) operating Were plotted as a function of the time-shift. In this way, we
at 1 gigasample/s and averaging 200 signals. obtained a good impression of the various minima which

The absorbance of the reference solution at 308 nm (measuredroVided more-reliable values for the respective amplitudes as
with a Shimadzu UV-2102PC spectrophotometer) was matchegWell as a good estimate of the error limits of the particular
within 2% to that of the sample solution (measured before and Méasurement.
after the LIOAS experiment); the mean energy of the incident
laser light (measured with a Laser Precision Corp. RJP735 heal
connected to an RJ7100 meter) was also kept similar for sample 3.1. LIOAS Measurements of 2 inn-Alkanes. LIOAS
and reference. The laser beam was shaped by a 0.2-mm-widesignals of2 in various alkane solvents+hexane n-heptane,

d3' Results and Discussion
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Figure 2. LIOAS signals of sample2) and reference (2HOBP) in t<1lns t=40ns | T>2ps
n-heptane at room temperature together with the fitted curve, residuals, | | |
and autocorrelation function. Note that the fit completely coincides with 01 P2 93
the measured sample signal. The fit parameters obtained by the
deconvolution procedure for this particular measurement are also shown. S, decay CT decay T, decay
) (= CT formation)
n-octane,n-nonanen-decane, and-dodecane) were obtained

as described above. At least three fresh sample solutions were.

Wegewijs et al.

igure 3. Photophysical processes taking place in photoexdted

prepared for egch solvent, and a set of 3 or 4 signals (e‘,"mhalkane solvents, together with the assignment of the observed LIOAS
averaged 200 times) was measured for every sample. A typicalampiitudesy; to the various relaxation processes. Solid arrows represent
LIOAS signal of2 in n-heptane at 20C is shown in Figure 2,  optical transitions; dashed arrows represent dark processes that release

together with that of the calorimetric reference compound heat. $= ground state D-br-A, FE& locally excited Franck Condon
2HOBP. Since transient processes are occurring in the excitedstate (at 308 nm); S= locally excited singlet dimethoxynaphthalene
state of2 within the experimental time-window of the LIOAS

experiment, we analyzed the

signals by using a deconvolution

procedure (se&xperimental Sectign

Satisfactory fits could be obtained with three consecutive
decay constants. The first of thesg)(had a value of<1 ns,
shorter than the time resolution of the experiment. However,
the associated amplitude{) could be obtained reliably and

state!D*-br-A; CT = charge transfer state'Ebr-A~; T, = locally
excited triplet dimethoxynaphthalene std*-br-A; ET = electron
transfer; and ISG= intersystem crossing.

TABLE 1: Experimental ¢, Values, Solvent Thermoelastic
Properties (cpp/f), and Isothermal Compressibility (k)
Obtained from the Literature, 1> and Calculated AV, Values
(eq 1) for 2 in n-alkanes at Room Temperature (297 K)

was hardly influenced by the value of the lifetime used for the n-alkane  @:* G/ (kJ/mL) kr (109 Pa?) AV (mL/mol)
fit. In practice,r; was simply fixed to a value between 1 fs n.hexane -0.25 1.07 1.70 —187
and 1 ns, and the 5 other parameters were left free in the fitting n-heptane —0.22 1.22 1.44 —154
routine. With our knowledge of the photophysical behavior of n-octane  —0.22 1.34 128 —140
2, we can readily attribute; ande; to the decay process from 2'32222: :g-gg igg i'ég :ﬁg
the Franck-Condon excited state to the relaxed s$ate plus n-dodecane —0.21 169 0.98 ~109

the decay of the Sstate to the CT state via electron transfer,
since these processes take place on a picosecond time scale. * Experimental error ist0.03.” The error is£10 mL/mol, based
Therefore, this first amplitude essentially contains all the ©n the error ings.
information required for determining the enthalpy and volume
change upon CT state formation.

The second decay time amounted te-35 ns in every case,

depending on the extent of deoxygenating. A similar lifetime . ‘ :
was found with time-resolved fluorescence studies for the "éléased in going from the FranelCondon excited state to the
CT state (which results in an expansion of the solvent) and a

contribution from the structural volume chan¥s;. Surpris-

emission of the CT state &in

n-hexane (40 ns)enabling us

to identify 7, and ¢, with the decay of the CT state.

3.2. Structural Volume Changes. As indicated in Figure
3, the LIOAS amplitudep; is associated with formation of the
CT state in2 and consists of a contribution from the heat

The third decay time was not always observed clearly but, ingly, this ¢, is clearly negative in alh-alkanes studied, varying
between—0.20 and—0.25 at room temperature (see Table 1).

when detectable, had a value of 500 ns to 2% with a

relatively smallgs, 0.03-0.15.

Less-efficient deoxygenating

shortened the lifetime and increased ¢hg which is discussed

state of2 (3D*-br-A), which is

formed in low yield from the

model compound of2 that lacks the acceptor group, thus
supporting the interpretation that the decay is due to a localizedenergy of 2 in n-hexane (22 200 cri) and correcting for the
dimethoxynaphthalene stdfe Transient absorption studies also
gave clear indications for formation of this triplet state2i*

processes).

Considering that the corresponding heat evolutigr= E;
— AHcr should cause an expansion, the observed negative
in detail in section 3.4. This decay can be assigned to a triplet amplitude indicates that a very large structural contraction takes
place. A first approach to calculatingVsy from ¢ can be

CT state. It is also observed in LIOAS measurements on a made by using eq 1 if a value of the enthalpy of the CT state

is known. An estimate ofAHct based on the CT emission

reorganization energy of-4000 cnt! yields 314 kJ/mol.
However, we prefer to use the experimental valué\blcr =
Thus the kinetic information obtained with the LIOAS 286 kJ/mol (as obtained below), which yielgs=102 kJ/mol.
measurements agrees very well with that of optical experiments The contribution to the LIOAS amplitude solely from the heat
(see Figure 3 for a schematic representation of the three decayelease process is theg/'E, ~ 0.26. Taking the experimental
values of ¢; for the various alkanes and using eq 1, we
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calculatedA Vs to be on the order of-100 to —200 mL/mol 400

(Table 1). This remarkable finding is in fact the main result of r-hexane
this study, irrespective of the fact that only an estimatAldgr 300 n-heptane
was used for the calculation. The remainder of this section is noctane

dedicated to the analysis of the quantitative aspects of this - %/ mnonane
enormous volume change. 200

Usually the contribution tap; from enthalpy and volume
changes can be separated by plottings a function otpp/f
(see section 2.3). However, in this case a meaningful plot could
not be constructed; the; values in the various alkanes are all
scattered around-0.22, showing no clear trend witg,o/f. r ; T T . , ;
Moreover, a linear fit to these data points would yield a negative 280 290 300 310 320 330 340
intercept, which would mean that the process is endothermic T (K)
This obviously cannot be the case, in view of the large energy
difference between the initially excited FrareRondon state ~ Figure 4. The solvent compressibility expressian 2)(e — 1)/(2
and the CT state as mentioned above. + 1) as a function of temperature for four differemalkanes.

This breakdown of the alkane variation method has been 08 F——1 : . : : _
noted before, especially in cases where a highly dipolar species
is involved#16.17 This happens becaugeV, is not constant 06} -
across the alkane series (as is obvious from Table 1) but depends
to a large extent on solvent properties. In terms of simple
electrostatic theory, the solvent volume change is described by 02}
the electrostriction effect, i.e., the contraction of the solvent (0J]
shells around ionic or dipolar species. For the dipolar case, 0.0} 288K e
the following expression has been derivied: 308 K

100 -

o
1

[(e+2)(e-1) / Qe+1)*1x x10" (Pa™")

02 218K

2 _ 208K
AVel = _(%)WKT 2 4T ) ! I 1 3118 X

2
(26 + 1) 0 50 100 150 200 250 300

2 12 (pa-l
whereAVg represents the electrostriction volume changss, _ [(e+2)(e~1) / (2e+1)] Ky x10 (l?a )
the dipole moment of the solutejs its effective cavity radius, ~ Figure 5. Temperature-dependent LIOAS experiment 2fin n-
¢ is the solvent dielectric constant, arg is the isothermal heptane_. The.ampll_tudpl is plotted versus the solvent compressibility
o expression (right side of eq 2).
compressibility of the solvent.

For a rigid compound such & the parametep?/rs is significantly upon heating the solution (by 16%, range;-35
constant over a whole range of solvents, and the solvent°C), this is not due to a change @go/. To understand this,
dielectric function é 4 2)(e — 1)/(2¢ + 1)? does not vary much consider that the total magnitude of any LIOAS signal depends
either, butkt decreases considerably with increasing alkane also onkr,119regardless of the origin of the signal. We stress
chain length. In fact, with eq 2AVe is calculated to be 1.6  that this effect does not interfere with our proposed method
times higher inn-hexane than inn-dodecane. Since the because the signal &is affected in two ways by the change
observed volume change of compouhi$ unlikely to contain in compressibility: first through the structural volume change
significant contributions other than solvent electrostriction (in itself, and then through the “scaling” of the total signal with
contrast to the extra contraction occurring Inbecause of k. After correcting for the change i+ with temperaturegyo/f3
molecular folding)} AVsy may simply be equated Ve, This appeared to remain constant within 1% over the range355
explains the problem encountered upon applying the alkane°C, which is well within the experimental error. Thus, by
variation method to CT state formation 21 The ¢4 values in varying the temperature, the compressibility is varied within
the shorter alkanes are lowered because of their larger negativeone alkane, and therefore it iV, that is selectively varied,
AVe, masking the expected correlation witkp/f. while AH andcpp/f are kept constant.

To test the dependence AV on «1 as predicted by eq 2, Indeed, as shown in Figure &; becomes more negative upon
we carried out temperature-dependent LIOAS measurements inincreasing the temperature of a solution2in n-heptane in
n-heptane, since the solvent compressibikfycan be varied the range 278318 K. This is as expected, since at higher
substantially by changing the temperature. This is shown in temperaturer is larger, leading to a larger solvent contraction.
Figure 4, where the right-hand side of eq 2 [the expression ( Using eq 2, a plot ofp; versus the solvent compressibility
+ 2)(e — 1)/(2¢ + 1)? 1, hereafter referred to as the “solvent expression should yieldH; from the intercept ang?r3 from
compressibility expression”] is plotted versus temperature for the slope (Figure 5). The latter amounts +@60 kJ/mol,

4 alkanes. whereas the intercept giveAHcr = (230 + 35) kJ/mol.

Of course we should check now whether the other variables However, only a small range of values is achieved, and
in eq 1 are affected by the variation in temperature, to avoid extrapolation to zero compressibility cannot be taken as a
introducing errors attributable to changing properties of the reliable value for the enthalpy content of the CT state. A major
solvent. Forg; we expect only a slight variation with temper-  disadvantage of interpreting the data this way is that the resulting
ature, since the dielectric constant (the most important factor values rely numerically on the crude electrostatic model
determining the solvation enthalpy) depends only weakly on underlying eq 2. Furthermore, this analysis is applicable only
temperature (@dT = —0.0014 forn-heptane). The variation  to systems where the structural volume change arises solely from
of the thermoelastic parametersgp/f was determined experi-  electrostriction.
mentally by measuring the reference signal at various temper- Having shown a temperature effect on the valuAwf, we
atures. Although the intensity of the reference signal decreasescan now use this finding to keepVs;; constant when the alkane
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04F T T T m In conclusion, the “isocompressibility” method seems to be
the best way at present to evaluate our data to obtain an unbiased
02 1 estimate of the structural volume change.
¢ 0.0 i 3.3. Magnitude of the Electrostriction Effect. With the
. n-hexane T=280 K .
b . observation of the huge structural volume change upon CT state
o2k n-heptane T=297 K i P . . . Ik | h . f . h
n-octane T=314 K ormation in 2 in alkane solvents, the aim of testing the
04 | electrostriction effect has been fulfilled. Remarkably, although
'o.o 015 1!0 1?5 20 no large amplitude conformational changes are possible in either
c.p/B  (kJ/ml) the grognd_state or the CT state Bf st|_II, a much larger
P contraction is observed than for the semiflexible compoiind
Figure 6. LIOAS amplitudesg; of 2 in n-hexane T = 280 K), Thus, the effect of the greater dipole moment of the CT state

n-heptane T = 297 K) andn-octane T = 314 K) as a function of  of 2 than of 1 induces a much larger response from the
Copl. The temperatures were chosen in such a way that the solutionsg,rrounding solvent molecules. Furthermore, although the
have equal values for the solvent compressibility expression. magnitude of the electric field exerted by the highly dipolar
CT state of2 is more or less constant across the alkane series
(depending only slightly on the dielectric constant), the resulting
X . electrostriction of the solvent molecules shows a clear trend
a hpnzontal cross-section at constanti( 2)(e N 1)/.(25 + 17 with alkane chain length. This can be understood by considering
kT, 1.€., b_y adjusting the temperature _Of solution various that the same attraction force will have a much larger effect on
alkanes in such a way that the solutions have matching valuesa highly compressible solvent that consists of relatively light

of the splvent compreSS|b|I|ty expression. In this way, no molecules, such ashexane, than on less-compressible solvents,
assumptions regarding the expected volume change are NECess ch as the heavier alkanes

sary, and the basic procedure of the alkane variation method is In the case of a rigid D-br-A compound similar2dut with
not altered. Even if other factors (that do not depend-gQrdo only 3 sigma bonds between D and A, the valueAdls, =

play a role in the magnitude afVs, this analysis still seems X
LR ) —14 mL/mol upon charge separation could be extracted from
valid, since the properties of the alkanes are generally expected _. . . . .
- . . .~ ~“picosecond optical calorimetry experimettsThis appeared
to become more similar to each other by this particular tuning

of the temperature (i.e., heating the longer alkametane and to agree well with the\Vg value calculated by means of eq 2,
. P T 9 onge BITE with 97 kJ/mol foru?/r® as derived from the solvent dependence
cooling the shortem-hexane), resulting in a more-constant

volume change of the. CT emission band maximum. Unfortunaf[ely, fono
) ’ ) o experimental value for?/r3 could be obtained, since the CT

Figure 6 shows such an isocompressibility plot for three emjssion is clearly observed only in alkane solvents and no
alkanes at three different temperatures, wheret@)(e — 1)/ sufficient polarity range is achieved for a solvatochromic
(2¢ + 1Y kr] is constant at 2. 10 *°Pa’. Again, therange  apalysis. From time-resolved microwave conductivity studies,
of data is rather limited and the error |arge, but in this case a the d|p0|e moment of the CT state ®fis known to be 38 [5,
much more realistic intercept is found, affordingicr = (286 which corresponds to transfer of a full electron across thé\D
+ 35) kd/mol. While this value is obtained by extrapolation distance of 8 A. Using an estimateof 4.85 A for the cavity
and might be fortuitously close to the value derived from radius (obtained from modeliAgthe molecular volume oR)
emission studieshAGer = 314 kJ/mol, the value of the slope is  yields u/r3= 760 kJ/mol, which is comparable with the 860
probably more reliable, especially considering that the estimatedkJ/mol resulting from the slope of Figure 5 (see section 3.2).
amplitude of the heat release contributionr0(26) might also Substitutingu?/r3= 760 kJ/mol in eq 2, we obtaitVe = —167
be taken into account as a data point at the intercept. Anyway, mL/mol for 2 in n-heptane at room temperature, which is indeed
the slope of Figure 6 yields a value 6V, = (—160 £+ 30) of the same order of magnitude as the experimental reswul,|
mL/mol, which represents the structural volume chang2iof = (—160 + 30) mL/mol]. However, this estimate depends
n-heptane at room temperatur€ € 24 °C). Obviously, no heavily on the “right” choice of, and should only be taken as
general value for all alkanes can be given, since the volume an indication that the huge volume change observed is not
change depends on the particular compressibility of the solvent.outside of the theoretically expected range. Alternatively, the

A simple check commonly performed in LIOAS studies CT state might be described as two separate monopoles, since
consists of analyzing the reverse volume change as well, whichthe radical cation and anion are located at qwtg a large distance
in the case of a cyclic process is expected to have the samefrom Each” other. In that case, the electrostriction caused by
magnitude (but with different sign) as the initiAMs;. This both *ions” can be calculated &3:
second structural volume change should contributgfince ,
the decay of the CT state @fis expected to be accompanied AV, = — e (€ + 2)( — 1) 3)
by a release of the electrostricted solvent molecules. However, el 2 T
as will be explained in section 3.4, the second amplitude is

strongly influenced by residual oxygen quenching, which ith R being the radius of the ion. For the two chromophores
changes the branching ratio between internal conversion andincorporated ir2, an average value &= 4.5 A has been shown
intersystem crossing to such an extent that the value0f  experimentallj*16to yield acceptable results. From the solvent
becomes dependent on oxygen concentration and cannot be usegroperties ofn-heptane at 24C, we obtainedAVy = —144

for determination oAVsy. On the other hand, the fact thas mL/mol for the sum of the contractions caused by the charge-
is always>1 for Ar-bubbled samples clearly confirms that a separated state & This is close to the experimental value of
large positive contribution is present in addition to the expected —160 mL/mol and also close to the outcome of the dipole
heat release contribution &Hc1/E; ~ 0.74, which is thus in treatment given above—-167 mL/mol), so the CT state &f
accord with the occurrence of a large positive structural volume apparently can be described either as two monopoles or as a
change upon charge recombination. single dipole.

is varied. Inspection of Figure 4 suggests that an experiment
at “isocompressible” conditions may be carried out by selecting
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Further evidence for the occurrence of large electrostriction of ¢3. Since the shortening of the CT and triplet-state lifetimes
volume changes in nonpolar solvents has been reported by Chertan be attributed to oxygen quenching, the increage; imust
and Holroyd in studies on electron attachment reactions with also be due to the presence of oxygen. Considering that the
organic compound&. For instance, for the pyrimidine anion amount of heat released by quenching the triplet state with
in trimethylpentane at 90C and 125 bar, they obtained a oxygen does not depend on the time scale in which it is released,
negative volume change of a similar magnitued. 88 mL/mol) we are forced to conclude that the quantum vyield of triplet
as that for2 in n-alkanes; their data also show a clear increase formation is increased by the presence of oxygen. In that case,
of the contraction with temperature. Electrostriction volumes it is the quenching of the CT state by oxygen that results in
were calculated by assuming that a glass shell of solventformation of the triplet state. Indeed, such oxygen-induced
molecules surrounds the ion and, although Chen and Holroyd intersystem crossing has been observed béfore. our case,
maintain that these values are in better agreement with experi-in the presence of oxygen, the lifetimes and 73 ultimately
ment than those obtained via formulas equivalent to eq 3, the decreased to 13.8 ns (from 32 ns) and to 118 ns (fronu&)4
glass-shell model itself does not show temperature-dependentespectively, whereags underwent an almost 10-fold increase
behavior. from 0.03 to 0.27!

Summarizing, the present study has confirmed that not only ~From these data we obtained estimates of the quenching
ions can give rise to very large electrostriction effects, but also constants, using the lifetime of the triplet state as a measure for
neutral molecules in which a giant dipole state can be (photo)- the concentration of oxygen in the solution. The triplet
induced. Previously, eq 2 has been used to correct the LIOAS duenching constant was calculated to be 60° M~ s™*. The

data of molecules with highly dipolar intermediafe?. This intersystem crossing (isc) rate can be writterkas= kint +
seems now justified by the results with compowjcht least  Koxy [O2], wherekiy is the intrinsic intersystem crossing rate in
for alkane solvents. the absence of oxygen, arndyy is the oxygen-induced rate

constant. Extrapolation of data with air to zero oxygen
concentration leads to an estimatekgf = 1 x 10° s and
Koxy = 2 x 10 M~ s™1 The intrinsic triplet quantum yield,
given simply by®t = kin; tct = 0.04, is lower than any of the
values we obtained from the experimental data. Furthermore,
this value is similar to values obt determined by transient
absorption spectroscopy 2fin benzene and dioxane (0.01 and
0.03, respectivelyff under oxygen-free conditions for thoroughly
evacuated samples, which supports the validity of our method
of correcting®+ for the remnant oxygen concentration.

These findings contain a clear warning for obtaining triplet

3.4. Quantum Yield of Triplet Formation in 2. Apart from
the determination of th&Vs; described above, which formed
the main incentive for this study, additional information
regarding the photophysics & can be extracted from the
LIOAS data. Traditionally, LIOAS has often been used for
measuring the triplet quantum yieldb¢) of organic com-
poundst In time-resolved LIOAS experimentspr can be
obtained in two ways: (1) directly fromas, which corresponds
to the decay of the triplet state and is givengay= ®1 (AH1/
E;), with AHt being the enthalpy content of the triplet state, or

(2) from the sum ofp; andgy, taking into account the balance . i :
of energy in the system. In both cases, the neutral triplet statey'QIOIS with the_LIOAS method. Since the sample§ are usually
only flushed with Ar or N, the removal of oxygen is far from

is assumed not to give rise to a significant volume change with efficient (especially in ofganic solvents) and may also var
respect to the ground state, and this was recently eXperimema”yconsiderabl pfrom ><;ne sar% le to another. When gx en Iays
confirmed for the triplet state of two intramolecular CT Y P : ygen piay

compotrc? Thefomatono et sttes 1 wiler,however, 1 SCV® 018 1 1 phloplysics o e ot o2 B8
can result in quite different volumes from those of the ground P 9 :

state because of changes in the specific solute-water hydrogerFa.‘IIure to get consistent values_dvﬁ for D-br-A cqmpounds
bond interaction824 might be largely the result of this effect. In a wider context,

. . when measuring and interpreting quantum yields and lifetimes,
_ The total number of decay processeis 4 (see Figure 3),  5na should keep in mind that not only the decay of excited states
mcludmg fluorescence from the C_T state, which has a quantum g 5ccelerated by oxygen (which is common knowledge), but
yield @ of only 0.04 and a maximum at 450 nri;(= 265 also the branching ratio between photophysical pathways can
kJ/mol) in alkane$,corresponding to a contribution qf; =

- i be dramatically changed by the interactin.
@y (Ef/Ez) = 0.025. Obviously, the sum of the quantumyyields 3 5 Thermodynamics of CT State Formation in 2.

for all processes should equal 1, since all excited molecgles Finally, a short discussion regarding the thermodynamics of
eventually return to the ground state and no net photochem|strycompound2 in alkanes is of interest. A few attempts to

occurs. Inde_ed, in many cases the deconvolution program yieldsdisentangIeAHCT and ASer contributions toAGer via the
a total amplitude ¢ + @2 + @) of ~0.95-1.0, but for the  4|5i0nshipAG = AH — TASwith the help of LIOAS or optical

triplet decay with its long lifetime, the recovered amplitude c5|0rimetry measurements (or both) have been reported for CT
sometimes contains slight differences in baseline betweensystem§_e,zz Unfortunately, the errors i\Hcr (from optoa-

sample and_reference, leading to larger errors. Consequently, . stic measurements) ardGer (calculated from emission
values ofgs in the range of 0.030.15 have been found, from 43y are usually too large to allow calculation of a reliable value
which a value of®r in the range 0.050.23 was calculated. o1 their difference TAScT); the present study is no exception.
The sumg; + @2 can be obtained much more accurately However,AS,, (the solvation entropy;-AScr, see above) can
thangs because of their short associated lifetimes (and without pe estimated in two ways, both based on the continuum model.

the errors attributable to separation of the two terms). A more First, using the experimentally obtained value\ds, (= AVso),
reliable value fokps can thus be determined by subtracting from  the following Maxwell relationship may be usé®?!

1.0 the value forp; + @2 + ¢r. However, the range aps

obtained in this way is still rather wide, between 0.03 and 0.1. AS, = B AV 4)
Interestingly, closer inspection of the data shows a clear ol sol

correlation between the lifetimes andr; and the magnitude

of @3 [obtained via either (1) or (2)], i.e., both lifetimes get For 2 in n-heptane AVsy ~ —160 mL/mol), eq 4 yield\S
shorter in the presence of oxygen, with a concomitant increase= —130 J/mol K.
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The second method is to write the entropy change upon extending our deconvolution program with an improved shift
solvation of a point dipole as the derivative®Bs, with respect option, and Dr. Anja Remberg for valuable suggestions on

to temperature, which leads to ed%?6 mathematical minimization procedures. Furthermore, Dr. Martin
Roest and Prof. Jan Verhoeven are thanked for providing useful
2 (de YdT) information on their various triplet yield studies on D-br-A
AS, = —3(&3)—12 (5) systems. Support from the Australian Research Council (to
r'/2+e7) M.N.P.-R.) is gratefully acknowledged. Finally, we are indebted

. . to Prof. Kurt Schaffner for his constant interest and support.
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