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Laser-induced optoacoustic spectroscopy (LIOAS) measurements with carptaplyrin—acceptor “su-
permolecular” triads (€P—A, with A = Cgo, @ naphthoquinone NQ, and a naphthoquinone derivative, Q)
were carried out with the purpose of analyzing the thermodynamic parameters for the formation and decay
of the respective long-lived charge separated state-B—A*~. The novel procedure of inclusion of the
benzonitrile solutions of the triads in Triton X-100 micelle nanoreactors suspended in water permitted the
separation of the enthalpic and structural volume change contributions to the LIOAS signals, by performing
the measurements in the range 2D °C. Contractions of 4.2, 5.7, and 4.2 mL mbhare concomitant with

the formation of C"—P—A*~ for A = Cg, Q and NQ, respectively. These contractions are mostly attributed

to solvent movements and possible conformational changes upon photoinduced electron transfer, due to the
attraction of the oppositely charged ends, as a consequence of the giant dipole moment developed in these
compounds upon charge separatierl{0 D). The estimations combining the calculated free energies and

the LIOAS-derived enthalpy changes indicate that entropy changes, attributed to solvent movements, control
the process of electron transfer for the three triads, especiallyf&®-Cq, and C-P—Q. The heat released

during the decay of 1 mol of charge separated state (CS) is much smaller than the respective enthalpy content
obtained from the LIOAS measurements for the CS formation. This is attributed to the production of long-
lived energy storing species upon CS decay.

Introduction charge separation and a longer-lived CS state are obtained with
“supermolecules” containing ag& unit as a final electron
Gacceptoﬁ These effects have been attributed to the smaller
reorganization energy of fullerenes as compared to planar
acceptors, such as quinones and imitl@he reorganization
energy {), introduced by Marcié< in the theory of ET and
considered to be the sum of two factors: a solvent tetn,

Ce) including a carotene moiety (C) as electron donor and a and a vibrational term,, is one of the key factors determining

fullerene (Go) as electron acceptor has afforded the photopro- the rate of an ET reactioh.
duction of a charge separated state (CS) upon excitation of the The technique of LIOAS has permitted to evaluate time-
porphyrin moiety (P), with a reported dipole moment of 153 resolved structural volume changes, as well as enthalpy changes,
6 D.! Excitation of a caroteneporphyrin-naphthoquinone triad ~ in several types of photoinduced reactin¥? The structural
(C—P—Q) in a liposomal bilayer has demonstrated the vectorial Volume changeAVst), as derived from LIOAS measurements
photoinduced ET, because the generatéd-8—Q ~ eventually for a particular step in a photoinduced transformation, is also a
led to the pumping of protons across the membrane, driving in Sum of a solvent term and an intrinsic term.
turn the ATP synthesis with the help of the enzyme ATP-  When analyzing by LIOAS photoinduced intra- and inter-
synthasé. molecular ET reactions of ruthenium complexes in aqueous
The inclusion of G in the “supermolecules” resulted in an  solutions, we were able to identify the molecular origin of the
acceleration of the intramolecular ET process and slowed down AVg; values upon formation and decay of the metal-to-ligand
the charge recombination. Thus, a larger quantum yield of excited states, as arising mostly from the photoinduced changes
in strong specific chromophore-solvent interactiéh.

. § Cfggesngg‘%‘g ggéqor' E-mail: braslavskys@mpi-muelheim.mpg.de.  \ve decided then to analyze whether in “supermolecules” the
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SCHEME 1: Structural Formulas of the Three Compounds Employed

C—P—NQ with Cg, a naphthoquinone derivative, and naph- that contributes to the pressure wavé3 The sum of both
thoquinone, respectively (Scheme 1). The three acceptors havecontributions gives rise to the acoustic signal. Because the
relatively similar reduction potentials. In every case, upon laser- thermal term directly depends on the thermal expansion coef-
pulse excitation of the porphyrin, a rapid ET occurs to the ficient [8 = 1/\V(3V/dT)], whereas the structural term does not,
acceptor A. Subsequently, the carotene donates an electron tahe two contributions are readily separated in aqueous solutions
the porphyrin to yield the €—P—A*~ species with arelatively by changing the temperature of the measurements in a relatively
long lifetime of tens or hundreds of nanosecotfus. small range €.g, 4—20 °C). For polar non-water soluble
Depending on the conditions such as the structure of the compounds, however, no procedure was available until recently
carotenoid-porphyrin linkage, the solvent, and the temperature, for the separation of the two contributions to the LIOAS sighal.
this CS species recombines to yield the triad with the carotene\we have already presented the method of inclusion of the water-
in its triplet state 3C—P—A. This has been thoroughly studied  immiscible organic solvent solutions of the “supermolecules”
with C—P—Cgo dissolved in 2Me-THF, in which the decay of in water suspensions of detergent micelles, to separate both
C*—P—Cso~ can yield the tripleBC—P—Cego, Which in turn contributions to the LIOAS signal by changing the bulk
decays to the ground stael’ The effects of the type of €P temperature and taking into account that the thermoelastic

linkage, temperature, and solvent, on the yield and output of hoherties of the bulk are mostly determined by its water
the various photoinduced steps have been analyzed by Kuciausggntentis
kaset al3 '

One of the questions posed when analyzing these systems isl_
what are the thermodynamic factors driving the various reaction |,

steps. In particular, what is the relative role of the enthalpic .~ "~ . N

and entropic factors (such as solvent reorganization). |m_m|50|ble solven_t (such as benzonitrile) |n3|d_e qletergent
. . . . micelles. These micelles act as nanoreactors, which isolate the

b Up_obn a_bsorlptmn 01|‘_I|ght, a?] e>r(1C|ted T‘nolecula:js%emes de_giays “supermolecules” from the external environment. The variation

y vibrational coupling with the solvent and by possible of temperature induces changes in the valug @i the bulk

structural changes. These two phenomena contribute to the . . . . . .
L L aqueous medium without affecting the immediate environment
radiationless deactivation and can be measured as a pressure

wave after laser-pulse excitation. The thermal contribution due Of the reacting molecule.

to radiationless decay of the excited molecules produces a heat Our results indicate that the formation of the CS state-C
burst leading to a pressure wave. Possible structural volumeP—A" in the three super-molecules is determined by entropic
changes (such as changes in bond strengths and angles an@ctors that mainly arise from the solvent reorganization
changes in the solvent-chromophore interactions due to changegroduced upon ET. Similar structural volume changes were
in the chromophore dipole moment upon photoexcitation) also found for CPNQ and CP4g, whereas CPQ shows a larges,V
produce a volume change (the structural volume chafg#/) for the formation of the CS state.

We thoroughly develop in this paper this novel approach.
he ET reaction is photoinduced in the polar molecules (the
supermolecules” in this case) dissolved in the polar water-
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- T T but for C—P—Cg and C-P—NQ some absorption bands

: i corresponding to the carotene seemed to disappear. We decided
then to work with Triton X-100 which induced the smallest
change in the absorption spectra of the triads.

LIOAS Experiments. The LIOAS setup has been already
described in several papé¥stor excitation, 11 ns laser pulses
at 650 nm (the lowest energy porphyrin band) from a Nd:YAG
laser (SL802, Spectron Laser Systems) pumped dye laser
(SL4000G, Spectron Laser Systems, Rugby, U.K.) were em-
ployed, using DCM as the dye. The absorbance at the excitation
wavelength for the calorimetric reference azulene and the
samples in Triton X-100 micelle media wea.0.03 (the precise
value depended on the particular sample). The beam was shaped
by a 1 mmslit, which determines an acoustic transit time in
aqueous solution of about 650 ns, allowing a time resolution of
\ ca. 60 ns by deconvolution techniqu&dncident laser energies
. L ! were varied with a neutral density filter and the energies

Absorbance

400 500 600 700 absorbed by the reference and the sample were measured with
wavelength / nm a pyroelectric energy meter (RJP735 head connected to a Rm-
Figure 1. Absorption spectra<) in neat BZN and+-) in BZN inside 6600A Universal Radiometer, Laser Probe Inc.) and matched
Triton X-100 aqueous micelles of-€P—Cep, C—P—Q, and C-P— within 5% for reference and sample. This assured that sample
NQ. and reference were measured under identical conditions at the
. ) wavelength of excitation, same bandwidth and also same
Experimental Section temperature. The measurements were performed in the linear
Materials. The triads,i.e. carotene-porphyrin-fullerene  regime of amplitudess laser radiant energy, which was up to
(C—P—Cs), carotene-porphyrin-naphthoquinone derivative 250 #J/pulse. The total incident energy wea. 150 uJ/pulse
(C—P—Q), and caroteneporphyrin-naphthoquinone (EP— (fluenceca. 150 J n7?). The acoustic wave was detected by a

NQ) were synthesized as described by Koelisal,'® Hunc?° Pb—Zr—Ti ceramic piezoelectric transducer (PZT) (4 mm;
and Steinberg-Yfrackt al,?!22respectively. The calorimetric ~ Vernitron), amplified 100 times (Comlinear E103), digitized by
references azulene (Aldrich, 99%) and bromocresol green (BCG,a digital oscilloscope (Tektronik TDS 744A, operating at 500
Sigma, ACS reagent) were used as received. Triton X-100 megasample/s), and stored in a Compagq Tru64 Unix workstation
(Sigma) and dodecyl-trimetylammoniumbromide (DTAB, Sigma, and a personal computer for further treatment of the data. In
99%) were used without further purification. Benzonitrile (BZN, total, 100 signals were averaged for each waveform. The cuvette
Aldrich, 99.9% HPLC grade) and 2-methyltetrahydrofuran (2- holder FLASH 100 (Quantum Northwest, Spokane, WA) was
Me-THF) (Aldrich, >99%) were used as received. Water was temperature controlled te-0.02 °C. All triad solutions were
deionized and purified by a Millipore-Milli-Q System. Miscibil- ~ degassed for 20 min with Ar before LIOAS measurements.

ity of BZN in water (andvice versg was checked by gas LIOAS Signal Handling. The procedure used to analyze the
chromatography. The solubility of BZN in4® wasca. 0.3% LIOAS signal has been widely described in many publications
and that of HO in BZN wasca. 1.3%. This assured that the and has also been review¥dDeconvolution techniques are
“supermolecules” were effectively dissolved in the organic phase required to analyze the time evolution of the pressure when

of the micelles ¢ide infra). transient species are produced with lifetimes within the acoustic
A 0.1 M solution of Triton X-100 was prepared in water transient time. The signal of the sample is regarded as a
(critical micellar concentration of Triton X-106a. 1073 M).23 convolution of the instrumental response obtained with a

A 20 uL aliquot of a BZN stock solution of suitable concentra- calorimetric reference and a sum of single-exponential terms
tion of each of the triads or of the reference compound was that describe the time evolution of the pressure in the sample
injected into 3 mL of the detergent solution. After stirring, the after laser excitation. The analysis yielded the fractional
initially turbid binary mixture transforms into a clear and amplitudes ¢i) and the lifetimesx) of the transients occurring
optically isotropic solution. Addition of larger quantities of BZN ~ during theith step of the photoinduced reaction. The analysis

stock solution produces irreversible turbid solutions. was performed by the package Sound Analysis v. 1.50D, 1999,
Quantum Northwest Inc., Spokane, WA. Wi 1 mmslit (vide
Methods suprg lifetimes between 60 ns and a few microseconds can be

. ) . resolved with this approach. The fractional amplitudes) (
UV—Vis Spectroscopy UV—vis spectra of Triton X-100  ¢4nain information about the heat releasgilgnd the structural

micellar solutions o_f the refe_ren_ce azulene and_ of the three volume changeAsy;V) for each processand is expressed by
“supermolecules” (dissolved firstin BZN and then incorporated

into the Triton X-100 micelles) were recorded using a Shimadzu 9 A Vlcr
UV-2102 PC spectrophotometer. The spectra were similar to @ = = , stri (L) 1)
those in neat BZN (Figure 1), assuring that no changes in the E; E, \B /T

absorption spectra are occurring during the dissolution of the

compounds in the micro-heterogeneous media. However, thewith E; the molar excitation energy (650 nes 183.98 kJ
spectrum of G-P—Cgis significantly broadened in the micelles; mol™1), ®; the quantum yield of théth step,c, the specific
possible causes are triad aggregation or partitioning betweenheat capacity at constant pressyréhe density of the solution,

the detergent layer and the BZN. In fact, in other detergents andg = (dV/aT)y/V the volume expansion coefficient. Because
such as DTAB (instead of Triton X-100), the absorption g strongly depends on the temperature in aqueous solutions (a
spectrum of G-P—Q looked similar to the one in neat BZN  unique property of water and aqueous solutions whereas this
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parameter varies negligibly with temperature for organic
solvents), the separation gfand A,V was made possible by 200
using aqueous suspensions of micelles enclosing the triads 100
dissolved in BZN and by measuring in a relatively narrow
temperature range 20 °C).13

—
S
S o

The ratio of thermoelastic parametecgo(f)rx (Tx = Triton E
X-100) of the micellar media was determined by comparison = 200
with the ratio for neat BZN [§p/b)szn, taken from tables] % 100
following a methodology similar to that previously described a
for inverted micelleg® For this purpose, the amplitude of the S 0
LIOAS signals of the calorimetric reference azulene dissolved = -100
in BZN, HBZN was compared to that of the same reference
dissolved in BZN and incorporated into the Triton X-100 200
micelles,H™. The isothermal compressibilities;, of both BZN 100
and Triton X-100 micelle media are needed to calculate the ratio 0
of thermoelastic parameters,(//8)« in the microheterogeneous 100
Triton X-100/BZN/water micelle medium (eq 29. 60 o5 70 75 s
time / us
(%) BZN 1 1BZN Figure 2. Energy-normalized LIOAS signals upon 650 nm excitation
ﬁ ™ _ K7 HR of the reference azulene (dashed lines) arePE€Cgo, C—P—Q, and
Cp T 1 HIx 2) C—P-NQ (full lines), each dissolved in BZN and encapsulated in Triton
(L) ey R X-100 aqueous micelles and all at 10. The simulation of the signal
B lezn (dotted lines overlapping the sample signals), when using a sequential

three-single-exponential function, and the residual distribution around
The isothermal compressibilityr is expressed as the sum  zero are also shown in each case. The absorbances of the triads and

(eq 3) of the adiabatic compressibilit plus a term T5%/cyp) reference micelle solutior®&650 nm) wereca.0.03 (the precise value
depended on the sample).
ﬁz

Kkt =Kkg+ T ) Instruments). Laser excitation at 650 nm was provided by a
Co Nd:YAG laser (Spectra Physics, GCR-130) and an OPO system
) . (GWU-Lasertechnik, Erfstadt, Germany). The pulse width was
calculated with values from tables for BZN or approximated g_- ns, the repetition frequency was 10 Hz and the energy per
for the case of the micelle-solutions taking into account the pulse from the laser wasa 9 mJd/pulse. The microwave
molar fraction of the micelles and the thermoelastic parametersfrequency was 9.77 GHz and the microwave power 2 mW. No
of water?® The value ofcs = 1/(pvz)is calculated with eq 3 fie|4 modulation was used. The transient signal was recorded
knowing the velocity of sound, and the density of the micelle it 5 | ecroy 9450A oscilloscope. All solutions were degassed
media at each temperatuie. 20 min with Ar prior to the measurements.

The sound velocityain the aqueous media and in BZN was Fluorescence Steady state fluorescence spectra were mea-

measqred by comparing the times required by the acoustic waveg o g using a Varian Cary Eclipse Fluorolog spectrofluorometer.
to arrive to the piezoelectric detector. These times were

measured with the calorimetric reference BCG in water (azulene Cresyl violet in methanol was used as a standard (fluorescence
; . . _ uantum yiel = 0.52f8 for the determination of the
is not soluble in water) and in neat BZN, and with the d yieldpr y

lori ic ref. | i the Tri 00/ fluorescence quantum yield of the three triads incorporated into
calorimetric reference azulene in the Triton X-100/BZN aqueous o x.100/8zN aqueous micelle solutions. All absorbances
micelle medium and in neat BZN, all at the same temperature

; . ) : were matched at the excitation wavelength 590 nm. Emission
at which the LIOAS signals of the triads solutions were g

. . . was recorded in the range 66800 nm.

measured. The velocity of sound in neat BZN determined by
this method (1.42 10° m s1) is in good agreement with the
value reported in the literatuf€.The density of the solutions
was measured by picnometry. The absorption spectra for-P—Cego, C—P—Q, and C-P—

Transient Absorbance Experiments The nanosecond tran-  NQ in neat BZN and in freshly prepared Triton X-100 micelles
sient absorption decays were measured in Triton X-100/BZN are shown in Figure 1. A small blue shift is observed in the
aqueous micelle solutions for the three triads upon excitation case of G-P—Q and C-P—NQ, and broader absorption bands
with pulses from an Opotek OPO (optical parametric oscillator) in the case of €P—Cs when the triads are inside the micelles.
pumped by the third harmonic of a Continuum Surelight Nd:  Fluorescence Data.No emission was found in the range
YAG laser. The pulse width waza. 5 ns and 10 nm bandwidth, =~ 600-800 nm, indicating that the three triads dissolved in BZN
and the repetition rate was 5 Hz. The part of the spectrometerand incorporated into Triton X-100 aqueous micelles do not
used for detection has been described elsewHiegk solutions fluoresce within our emission detection limit. This result is
were degassed for 20 min with Ar prior to the measurements. relevant for the calculation and analysis of the enthalpy content
C—P—Cq dissolved in 2Me-THF ®cs = 1) was used as the  of the CS state €—P—A*" as discussed below.

Results

reference for the calculation of quantum yielddndices of LIOAS Data. The LIOAS signal obtained at 18C upon
refraction of the solutions were measured with an Atago Abbe excitation at 650 nm of EP—Cgp, C—P—Q, and C-P—NQ
3T NAR-3T refractometer. dissolved in BZN within Triton X-100 aqueous micelles is

Time-Resolved Electron Paramagnetic Resonance (TR-  shown in Figure 2, together with the signal of the calorimetric
EPR). TR-EPR experiments were performedlat 40 K on a reference (azulene) taken under the same conditions, and the
Bruker ESP380E spectrometer equipped with an ER 4118 SPTfits obtained in each case by convolution of the reference signal
cylindrical cavity and a continuous flow helium cryostat (Oxford and the model function for the time evolution of the pressure
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TABLE 1: Lifetimes z; and Pre-exponential Factorseg; for
the Production (1) and Decay (2 and 3) of the € —P—A*"
State Obtained from Deconvolution of the LIOAS Signals
(All Degassed Samples) for the Three Triads €P—Csy,
C—P—Q, and C—P—NQ in Triton X-100/BZN Agueous

Micelles at Various Temperatures

sample T/°C  7dns  73ns @1 @2 @3
C—P—Cqgo 20 47.6 776  0.536 0.244  0.087
15 48.8 1500 0.486 0.283 0.107
10 50.5 1200 0.507 0.235 0.136
8 45.9 1500 0.427 0.304 0.148
6 64.6 2160 0.502 0.256  0.120
4 63.8 2190 0.357 0.333 0.184
C-P-Q 20 33.0 339 0.495 -0.046 0.362
15 33.3 354 0.422 0.043 0.342
10 32.1 386 0.374 0.108 0.335
8 33.6 397 0.332 0.153 0.334
6 30.7 361 0.286 0.174 0.344
4 35.1 415 0.205 0.276  0.388
C—P-NQ 20 49.2 459  0.608 0.128 0.142
15 47.6 487  0.569 0.143 0.162
10 44.0 562  0.455 0.235 0.205
8 454 612 0.419 0.238 0.215
6 49.6 624  0.333 0.271  0.200
4 53.2 669 0.162 0.336 0.366
a|n every case the value af was <0.2 ns.
0.05 |-—®— BZN/ Triton X-100 micelles in H.O i
.—D—HZO
T 0.04 - E
u
-
T 003} ./ 1
& 0.02 S .
N I ./l
oolf w .
0.00 1 1 1 1 1 1 1 1
2 4 6 8§ 10 12 14 16 18 20 22

Temperature / °C

Figure 3. Ratio of thermoelastic paramete¥/d,p) vs temperature ‘ !
for H;O as obtained from tables and for the Triton X-100/BZN micelles biexponential model:
in H,O determined as described in the Experimental Section.

wave. Satisfactory fits of the LIOAS signals from the three
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Figure 4. Amplitudes of the first ¢;, B), second ¢,, ®) and third

(@3, A) exponential components of the presstfiene evolution, as
derived from deconvolution of the LIOAS waveforms for-@—Ceo,
C—P—Q, and C-P—NQ wus (cppo/f)r« for the micelle medium. The
values of the amplitudes corresponding to measurements with the
respective triad in neat BZN are also included,§(3) for BZN is
2.074 kJ/mL.

pre-exponential factors were necessary to fit the LIOAS signals
of the triads dissolved in neat BZN. The values of the LIOAS
amplitudes obtained in neat BZN fall satisfactorily, especially
for C—=P—Cgpand C-P—Q, within the linear correlation regime
found for the micellar media (see Figure 4).

Transient Absorbance Data: Quantum Yields of Charge
Separation in Micelles. The C*—P—A"" state shows a strong
transient absorption in the 95000 nm region assigned to
the carotenoid radical cation (centeredcat 980 nm)!® The
decay of the transient absorption at 960 MYA(960)] after
excitation of the three triads at 650 nm in Triton X-100/BZN
aqueous micelles (Figure 5) was fitted in every case with a

AA(960)= A, exp(—t/rAl) + A, exp(—t/rAZ) 4)

samples were obtained using a three-exponential function. Six  The shorter decay times, (48 + 2, 49+ 6, and 32+ 3 ns
parameters were calculated from the fitting in each cese,

three lifetimes {4, 72, andts) and three pre-exponential factors
(91, @2, andgs). By fixing 71 at any value between 0.1 and 1
ns, we obtained a similar value of the associated amplijude

for C*—P—Cee~, CT—P—NQ*~, and C*—P-Q°~, respec-
tively) was very similar to the lifetime, found in the LIOAS
experiments (see Table 1). A longer-lived component, with small
amplitude for CG-P—Cgoand C-P—Q and a decay time between

That means that these processes are faster than the tim@op and 1200 ns (depending on the triad) was required to fit
resolution of the experiment, and the amplitydes a reliable

measure of the amplitude of these processes.
The values of the lifetimes and the respective pre-exponential and may correspond to the decay of EP—A*~ in a less polar
factors after excitation at 650 nm of«P—Cg, C—P—Q, and
C—P—NQ in Triton X-100/BZN aqueous micelles at various pP—A* state in micelles and in neat BZN (66 1 ns, 30+ 1
temperatures are collected in Table 1.The values of the rations, and 57 1 ns for C*—P—Cgg~, CT—P—NQ'~, and Ct—
(Blcpp)Tx determined as described in the Experimental Section p—Q -, respectively), we observed some differences in the

are plottedvs T in Figure 3.

The plots ofg1, @2 and @3 versus €,p/f)1x were linear for
the three triads in the temperature range20 °C, as predicted
by eq 1. The results for €P—Cg,, C—P—Q, and C-P—NQ

are shown in Figure 4.

the transient absorption data. This longer lifetime agrees in
general with the lifetimer; found in the LIOAS experiments

environment. When comparing the decay times of the-C

lifetimes of the CT—P—A*~ state. The different enviroment of
the supermolecules in both cases may be the reason for these
observations.

The quantum yields for the formation of C-P—A*~, ®cs,
for the three triads in Triton X-100/BZN aqueous micelles are

LIOAS measurements were also performed with the triads required to calculate the changes in the thermodynamic param-
in neat BZN. For this solventcfo/)szn = 2.074 kI mLCt is
practically independent of temperature and much smaller than by comparing the transient absorbance extrapolated to zero time
those for water or aqueous solutions. Two lifetimes and two of the carotenoid radical cation at 960 nm after excitation of

eters upon formation of €—P—A*". They were determined
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Figure 6. TR-EPR spectra of triad €P—Csgo in 2-Me-THF and in

BZN. The spectrum is dominated by the contribution of the carotene

@ triplet state®® A low-intense CS biradical signal is present in the center

\ ) ) of the spectrum.
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SCHEME 2: Term Diagram of the Photoinitiated

time /s Processes in €& P—A?
Figure 5. Transient absorption decay kinetics at 960 nm for the three

triads in Triton X-100/BZN aqueous micelle solutior)(following C-'P-A

0.06

0.03

0.00 ez

excitation at 650 nm wit a 5 ndaser pulse. €P—Csin deoxygenated R Cpt
2-methyltetrahydrofuran was used as referengef@r the three triads. —

A two-exponential fit of the data (see text) is shown as a full curve 4\_C'*—P—A'-
line. The absorbances of the solutions at 650 nm war6.014, 0.050, IRERENRIEE
and 0.094 for G-P—Cgo, C—P—NQ and C-P—Q, respectively (laser 1| hv 3 5
energyca.2 mJ/pulse). The measurements were all performed at room
temperature in the linear regime of amplitude versus laser radiant
energy.

the triad with that of a matched absorbance solution eP& A

Csodissolved in 2Me-THF. The quantum yield of'G-P—Cgg"™ aThe energy levels of the various species are not located at scale.
formation in 2Me-THF was previously found to be £0The

sum of the pre-exponential factors of the biexponential fitting the former solvent the carotene triplet is formed, whereas in
function (Ax + Az, eq 4) was used for this determination. A the latter no triplet carotene is observed. In both cases, however,
correction for the difference in the refractive indices of the a narrow signal is observed at 3440 G, attributable to the CS
solvents (eq 5) was applied for the calculation of the quantum radical pair state, €¢—P—Cgsr~.3° No TR-EPR signal was
yield ®d¢g, in view of the fact that the reference and the samples detected when the experiment was performed in Triton X-100

were not dissolved in the same soh&8nt micelles at 40 K, due to the strongly reduced concentration of
supermolecules in the micellar solution as compared to the neat
s AAGnG o solvents.
D= AA, n_zq)cs (5) _ _
R Discussion
In eq 5,AA is the transient absorption change at zero tite ( Several consecutive processes occur upon excitation of the

+ A, eq 4) S and R superscripts and subscripts refer to sampleC—P—A “supermolecules” within the porphyrin Q-absorption
and reference, respectively, ands the respective refractive ~ band at 650 nm.

index of the solvent containing the reference (2 Me-THR Excitation of P is followed by photoinduced ET to the
1.4059) and the sample (BZN/Triton X-100/water mixtune,  acceptor to yield €P*—A*". Rapid ET from the carotene to
= 1.3420). The yields determined in this way wdres= 0.11 the porphyrin radical cation yields the CS state wi(Ct—

+ 0.01, 0.25+ 0.03, and 0.15- 0.01 for the formation of € — P—Cso™) = 0.11, ®(C*—P—-Q*) = 0.15, and®d(C*t—P—
P—Ces~, CT—P—NQ~, and CT—P—Q~, respectively, in NQ*~) = 0.25 for the triads incorporated within Triton X-100/
Triton X-100/BZN aqueous micelles. With the valuesfafand BZN aqueous micelle solutions (see Scheme 2).

A (eq 4), and assuming the same absorption coefficient for the The value of®cs when G is the acceptor is much lower
CS state in the different media and environment, the separatethan that measured in neat BZRb{s = 0.80). There may be

quantum yields for the CS short-lived§) and long-lived {P3) several reasons for this effect. An important consideration is
decays, respectively, were calculatedigzs= 0.106 andd; = that the C-P—Cqo triads may localize with the carotene in the
0.01 for C-P—Cgp, @2 = 0.09 and®; = 0.18 for C-P—NQ, detergent region and the fullerene in BZN, in addition to
and®, = 0.11 and®3 = 0.04 for C-P—-Q. conformational changes of the “supermolecule” or aggregation

TR-EPR Data. Because of the high dielectric constant of phenomena. Aggregation could induce radiationless fluorescence
water, TR-EPR measurements were not possible with micelle quenching in competition with charge separation whereas
solutions at room temperature. Although aware of the fact that conformational changes could induce a more rapid electron back
the low-temperature processes might differ from those at room transfer than that observed in homogeneous solution. In
temperature, TR-EPR measurements at 40 K were performedprinciple, energy transfer from porphyrin togCCcould be
to detect the presence of the carotene triplet state by chargediscounted, because ngfriplet was observed during the flash
recombination of the CS state. The signals obtained witfP€ photolysis experiments with optical detection. Should porphy-
Cso In 2-Me-THF and in BZN (Figure 6) demonstrate that in rin—Cgo energy transfer be operative, triplezg@Gwvould be
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TABLE 2: Quantum Yields, ®cs, for the Formation;
Structural Volume Changes, A1V for the Formation and
Aqr 2V and Agr 3V for the Decay, of the C*—P—A*~ State for
the Three Triads; and AcsH?, AcsGP and TAcsSP for the CS
State Formation from the Respective Ground State Triad

C-P-Co C-P-NQ  C-P-Q
Dcs 0.11 0.25 0.15
Ase.V/(ML mol-1)ab 4.2 —4.2 5.7
Asu V(ML mol-1)ab 15 5.7 47
Astr 2V/(MmL mol~1)ab c 1.1 1.9
AcsH%(kJ mol1)ab 633 184 454
AcsGY%(kJ mol?) 141 143 125
AerGY(kJ mol-1)d -43 —41 —59
TAcsS/(kJ molL) 492 41 329

2 AV and AH are per mole of CS state formetErrors are<10%
for ® andAV and+40% forg, and consequently, alsb40% for AHC.
¢ The very low quantum yield of this procesBg, affords a value with
a very large errord For the ET from the excited statieg., considering
the excitation energy.

observed at 700 nm. An alternative explanation could be that,
in view of the formation of two types of micelles (spherical
and ellipsoidal) in 0.1 M Triton in the presence of organic
solvents (BZN in our casé},only one of the hosts would permit
ET, whereas in the other one radiationless deactivation without
ET could occur. These different localizations of the dyads, also
depending on the size of the dyad, may explain the different
lifetimes observed in homogeneous mediwmthose in the
micelles. These possibilities have not been analyzed further.
In contrast, the values @bcs when the planar quinones are
the acceptors are similar to those obtained in neat B2ZN.
The formation of C"—P—A*~ occurs inca. 150 ps for the three
triads® The long-lived CS state decays to the ground state.
No evidence of carotene triplet formation was found with any
of the triads dissolved in neat BZN by low-temperature TR-
EPR measurements upon 650 nm excitation, indicating that
recombination to give some carotene triplet is not operative at
low temperature in polar solvents (Figure 6). Flash photolysis
experiments performed at room temperature with the triads
dissolved in Triton X-100/BZN aqueous micelles, monitoring
the transient absorption at 540 nm (where the carotene triplet
state absorbs), confirm this result for8—Q and C-P—NQ.
In the case of &P—Cgo within Triton X-100/BZN aqueous
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similar within the experimental error, the different quantum
yields for the formation of the CS states in the three “super-
molecules” give rise to different values for the enthalpy content
of the CS species in each case. The low quantum yields and
the errors associated with their determination ferRe-Cgo and
C—P—Q make any speculation about the differences in these
values difficult. However, even if thAcsH values for C-P—
Csoand C-P—Q are similar within the large experimental error,
they are definitively larger thancsH for C—P—NQ.

The standard Gibbs energierG°, for the formation of the
CS state from the excited state was calculated using

AeG’ = N {e[E°(D"*/D) — EX(A/A* )] +
Wp.rae — Wpat — E; (7)

with Wpa = zpZa€¥/(4mepe@) = 0 in our case andp+a— =
[Na(u?)/(4reopd)][(er — 1)/(28 + 1)].

In the above equatiorg is the distance between donor and
acceptor before E; is the relative medium static permittivity,
€ois the electric constant (formerly called vacuum permittivity),
andzy the charge of the species X. The equation given above
considers a linked donor and acceptor for the calculation of
Wpta-, 1., the stabilization or destabilization of a dipole
momenty in a cavity of radiusp.3?

In the case of a similar €P—Cg “supermolecule”, a very
large dipole moment = 150 D was evaluated upon charge
separation under the assumption of a linear configuration of
the molecule and a distance cd. 32 A between the charged
centers. With these valuesyp+a~~ = 19 kJ moi 1 is calculated
in BZN with the above expression.

A more folded conformation arising from the so-called
harpooning mechanisf$;3*3¢leads to smaller values of the
dipole moment but larger values oH-+4-- due to the smaller
radius p of the cavity. In fact, Smirnowet all indicate that
formation of the radical cation may lead to a collapsed more
closed conformation in which the center of the negatively
charged acceptor unit would be nearer the center of the carotene
backbone. Preliminary semiempirical gas-phase calculations
(UHF/3-21G), with tetracyano quinone instead of naphtho-
quinone, also favor such conformations for the CS stata.

micelles, recombination yields some carotene triplet states his case. the dipole moment would ba. 110 D! We note

(<10%) as observed by transient absorption experiments at ro0My 4+ similar calculations with other *

temperature.

The LIOAS amplitudep; is a measure of the *€—P—A*"
production, taking into account that this state is formed in some
hundreds of ps. The second and third amplitudesand ¢3,
and their respective decay times, correspond to the-8—

A*~ decay (most probably in two different environments within
the micelles).

The interceptq/E; of the linear plots ofp1 vs (Cop/f)Tx
(Figure 4) yieldsqy, i.e., the heat released during’C-P—A*~
formation. Taking into account that the steady state fluorescence
experiments with the triads in Triton X-100/BZN aqueous
micelles showed that none of the triads fluoresce, simple energy
balance considerations afford the enthalpy contergH through

E,=a+ AcH Pcs (6)

The values ofAcgH are positive (Table 2);e., the formation
of the long-lived CS state from the ground state is endothermic.
For C—P—Cgpand C-P—Q, AcdH is larger than that for EP—
NQ. TheAcgH for C—P—NQ is similar to the molar energy of
the laser pulse. It is important to realize that although the
intercepts of the lines ofp1 vs (cpo/B)rx in Figure 4 are all

supermolecules” afforded
values for the intercharge distance and other molecular param-
eters fully confirmed by experimental dafa283°

With the value of 110 D for the dipole moment and a distance
between the center of gravity of the opposite charges of about
20 A, a valuewp+a = 42 kJ moltis calculated in BZN with
the above expression. In other words, the CS state is destabilized
by 42 kJ mot? due to the harpooning mechanism. This value
can also be used for the-®—Q and C-P—NQ “supermol-
ecules” as the possible Coulombic contribution to the Gibbs
energy for the production of the charge separated state. Thus,

otact = 42 kJ mot?! was used in all three cases for the
calculation of theAcsG° values listed in Table 2. This is a very
large value, and therefore, thie-sG° values should be consid-
ered as upper limits.

The standard potentials used for the calculations ofifs°
values (see Table 2) for the donor weD*"/D) = EO(C**/
C) = 0.47 V vs SCE (for the carotenoid of €P—Cgo and
C—P—NQ),!° and 0.55 V (for the carotenoid of-€P—Q);*°
for the three acceptors they weE&(A/A*~) = E%(Cgo/Cec™) =
—0.56 VI =E%Q/Q™) = —0.31 VM and= EQ(NQ/NQ") =
—0.58 V vs SCE#?
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The values ofAcsGP in Table 2 are for the process from the #2 (6, +2)(,— 1)
respective ground state triacg., without the excitation energy AV =— Y PSR
(contrary to the values oAgrGP which includeE; and are, r (2¢,+1)
therefore, <0). Application of the Gibbs energy relationship
together with the data foAcsHO affords the values of the
entropic term for the CS state formation from the ground state Considering the value of 110 D for the dipole moment, a

in each case_(TabIe _2)' ) o distance between the center of gravity of the opposite charges
The entropic term is dominant at room temperature in Triton of 20 A, ¢, = 25 for BZN and«r = 6.5 x 10710 P!, a

Kt 8)

radius, ¢ is the solvent dielectric constant and is the
isothermal compressibility of the solvent.

X-100/BZN aqueous micelles for-&P—Ceo and for C-P—Q. contraction ofca. —14.5 mL mot? is calculated. This volume
It is, however, not so large, though relatively important, for contraction would be observed if only electrostriction (arising
C—P—-NQ. The enthalpy content for€P—Cg and C-P—Q from the attraction of the polar solvent molecules toward the

is 633 and 454 kJ mol, respectively. In these two cases the charged centers of the dipole) would be the cause of the volume
high entropic term during the charge separation at room change. The fact that we observe a lower contraction for the
temperature should be attributed to the reorganization of the formation of the CS state than predicted indicates that a
solvent molecules induced by the very large photoinduced dipole simultaneous expansion is occurring. Taking into account the
moment. calculated possible shape of the CS state (albeit the calculation
The sum of the intercepts/E; andgs/E; of the linear plots implies several approximations)e., that the charge separation
usingg, andgs (Figure 4) yields the total heat released during may approach the positively charged acceptor end toward the
the decay of the €—P—A"~ (both long- and short-lived states). ~ center of the negatively charged carotene backbone (a harpoon-

The values of @, + gg)/®cs areca. 458, 252, and 0 kJ mot ing mechanism), some extrusion of solvent from the inner
for C—P—Cgo, C—P—NQ, and G-P—Q, respectively. The heat ~molecular cavity may produce simultaneously an expansion, thus
released in the case of-®—NQ is similar to AcgH, within reducing the value of the expected volume contraction.

the large error of the determinations, indicating that the CS state  The structural volume changes produced upon decay of the
goes back to the ground state with a quantum yield of 100%. CS states may be calculated from the slopes ofgthend ¢s
In the case of &P—Cgand C-P—Q, the heat released is lower ~ Plots (Figure 4, Table 2). Using the corresponding values of
than AcgH, particularly for G-P—Q. We take this as an  P2and®s(see Results), the values Afsy 2V andA s 3V listed
indication that other species are in part produced upon CS decayn Table 2 are obtained. They are all expansions, as expected,
and store part of the energy. This is supported by the fact thatn contrast to the contraction observed upon CS state formation.
the solutions of all compounds, but more rapidly 6fB—Cgo, A «r3V for C—=P—Cgo could not be calculated due to the large
suffer permanent bleaching after a large number of laser pulses&or of ®s. o
or upon standing in the light for some hours. We have used for e tried to evaluate the Marcus reorganization enefgy (
these calculations the total decay quantum yield, to comparefor the different triads into the micelles by performing nano-
the total heat released with the heat of formation, calculated second experiments as a function of temperature. The short range
using the Gibbs equation (see Table 2). of temperature that cquld be used (2‘2793.K; lower temper-

We have already indicated that in BZN there is no formation atures were not possible because the micelle solutions freeze

¢ i triolet stat h binati £ th CSbelow 277 K) impaired the study of the temperature dependence
of carotene triplet states upon charge recombination ot the &5 ¢ ype cg decay rate constant. Therefore, the evaluation of the
states in the triads containing quinones as electron acceptors

. . . : Marcus reorganization energy)(and its possible correlation
Therefore, these energy storing long-lived species are most likely, i A<V Was not feasible. In any case, our results show that

related to the decomposition products of the samples. In they,o measyred contractions, although similar, are larger for
case of CG-P—Cg, the species storing some energy may be C—P—-Q than for G-P—Cso and G-P—NQ.

related to the formation of some carotene triplet state, as seen

in our flash photolysis experiments in Triton X-100/BZN  cgonclusions

aqueous micelles performed at room temperature.

The slopes of the plots afy vs (cyp/f)Tx Yield the structural
volume changes per absorbed einstein involved in the formation
of the respective €—P—A*~ state. The molar values of the

structural volume changesV, i.e, the slopes of the plots upon photoinduced formation of the long-lived CS state-C
in Figure 4 divided by the quantum yield for the formation of P—A*~. The quantum yields for the formation ofG-P—A*-
the CS staFe, ar}d multiplied by the laser pulse molar ENErGY for the three triads in Triton X-100/BZN aqueous micelles were
_(eq 1),a_re I_|sted n Table_2. F_or the thre_e supe_rmolecnlg-z@,v_ evaluated by nanosecond-transient absorption. The volume
is negativej.e., a contraction is concomitant with the formauon contractions observed upon production of €P—A*~ for A
of the C*—P—A"" state sV is larger for C-P—Q, the triad ~ _ ¢ Q, and NQ are attributed to the solvent movements from
containing a carboxylate group attached to the quinone, indicat-he jmmediate environment of the molecule upon formation of
ing that probably there .is.a stronger interaction of the carboxylate i, giant dipole. These contractions are similar for the three
with the polar benzonitrile. triads and found to be the largest for—€—Q. There are
The Drude-Nernst equation for electrostriction, which remarkable differences in the enthalpy and entropy changes for
describes the contraction taking place in a dielectric medium the three different acceptors. Entropy changes attributed to
upon introduction of an ion, could be used for the calculation solvent movements control the process of ET. The entropy
of the volume change induced in the BZN medium when the changes for €P—Cgy and G-P—Q are found to be larger than
C+t—P—A*" state is formed. Because in our case a large dipole for C—P—NQ. The difference could be a consequence of the
is created upon PET, eq 8, derived for the dipolar case, wasdifferent Marcus reorganization energies determined for the
used?3whereAgV represents the electrostriction volume change, different acceptors, especially considering the polar carboxylate
u is the dipole moment of the solute,s the effective cavity group present in EP—-Q.

Using micelles composed of benzonitrile and the “supermol-
ecules” suspended in aqueous solution, and thus establishing a
micellar nanoreactor, it was possible to separate the enthalpy
and structural volume change contributions to the LIOAS signals
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The heat released during the decay of one mole of charge

separated state in the case of2-Cgpand C-P—Q, is smaller
than its enthalpy content calculated &kl = (E; — q1)/®cs
This is attributed to the formation of long-lived energy storing
species upon CS decay, especially in the case 6P-€Q,
probably due to intermediates related to the decomposition of
the “supermolecules”. In the case of-B—Cg, the species
storing some energy may be related to the formation of some
carotene triplet state.

The method described in this work of including the super-
molecular triads dissolved in BZN in Triton X-100 micelle
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entropy of the reaction. The entropic terms obtained are very
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