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Abstract: The ability of time-resolving enthalpy (∆H) and structural volume (∆V) changes in
the nano- to µs time range offered by laser-induced optoacoustic spectroscopy (LIOAS)
opens the possibility of a stepwise thermodynamic analysis of chromophore-medium inter-
actions upon photoinduced reactions in biological systems. We applied LIOAS to biological
photoreceptors, as well as to model systems, with the purpose of understanding the origin of
∆V in electron-transfer (ET) reactions in those systems. The linear correlation between the
counterion-dependent volume changes and ∆H for the free-radical formation upon ET
quenching of erythrosin dianion triplet, 3Er2–, by Mo(CN)8

4– and of Ru(bpy)3
2+ by MV2+ is

interpreted in terms of an enthalpy–entropy compensation owing to the strong influence of
the counterions on the water hydrogen-bond network in which the reactants are embedded.
The relatively large entropic term determined for radical formation thus originates in water
rearrangements during the process. The increasing contraction in acetonitrile, propionitrile,
butyronitrile, and valeronitrile for the ET quenching of 3Zn-tetraphenylporphin by
1,4-benzoquinone is understood by considering the increasing interaction strength between
the electron-pair donor nitriles and ZnTPP+. Thus, in polar environments, specific chro-
mophore-medium (solvent or proteins) interactions, in addition to electrostriction, should be
considered to explain the time-resolved ∆V and ∆H values. 

INTRODUCTION 

Biological photoreceptors may be divided according to their function into four groups: (i) the antenna
pigments that very quickly transfer the energy of the light of various wavelengths to the reaction cen-
ters; (ii) the energy converters that transform the light energy into chemical energy, and in which the
primary photochemical process is either an electron transfer, as is the case in the chlorophyll-protein
complexes in the various photosystems in plants and bacteria, or a double-bond isomerization, as is the
case in bacteriorhodopsin [1] and most certainly in the recently discovered proteorhodopsin [2]; (iii) the
sensory pigments that sense the quality and quantity of light around the organism (vide infra for de-
tails); and (iv) the DNA repair enzyme photolyases in which a blue-light absorbing chromophore act-
ing as an antenna transfers the energy to a two-electron reduced flavin-adenin dinucleotide (FADH–),
which in turn transfers an electron to the dimerized nucleotides (dimerized as a result of UV damage)
for repair [3]. 

The covalently linked chromophore in several of the photosensors undergoes a double-bond iso-
merization as the primary photochemical step. That is the case for retinal in rhodopsin [4,5] and sen-
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sory rhodopsins [6], of open-chain tetrapyrrols in phytochromes of plants [7], bacteria [8], and
cyanobacteria [9], as well as of p-hydroxycinnamic anion in photoactive yellow protein [10]. In the re-
cently identified sensory photoreceptors such as phototropin, however, the photoinduced reaction is a
reaction of the noncovalently linked flavin triplet with a nearby cysteine residue in the protein [11].

A common feature of energy converters and sensory pigments is that upon excitation they all give
rise to a series of intermediates with lifetimes ranging from femtoseconds to seconds that reflect rapid
excited-state deactivation, the primary photochemical event, plus protein movements as well as chro-
mophore conformational changes in the cases of flexible chromophores (e.g., retinals, p-hydroxycin-
namic anion, and open-chain tetrapyrrols). After excited-state deactivation and the primary photo-
chemical event, all subsequent reactions in chromoproteins are thermal reactions taking place on the
ground-state potential energy surface and therefore not well suited for fluorescence studies. In most
cases, the intermediates have strongly overlapping absorption spectra both with each other and with the
parent state. This impairs quantitative determinations of, for example, quantum yields, by optical meth-
ods. 

Photocalorimetry, laser-induced optoacoustic spectroscopy

In view of the above-mentioned features, phototransformations of biological photoreceptors were stud-
ied already decades ago by means of a photocalorimetric technique. W. W. Parson’s group [12] noticed
that the pressure signal upon pulsed excitation consists of two components, one due to volume changes
produced by the heat evolved upon radiationless deactivaton and the other due to structural rearrange-
ments in the molecule and its surroundings. In aqueous media, it was possible to separate both contri-
butions by varying the temperature between the value at which the expansion coefficient β = 0 (3.9 °C
for neat water) and room temperature, in view of the strong variation of β in these media. 

Laser-induced optoacoustic spectroscopy (LIOAS, Fig. 1) is a sensitive photothermal technique
permitting the study of the time evolution of heat and volume changes. Lasers with pulse widths of a
few nanoseconds have improved the time resolution to the limit imposed by the slow acoustic waves.
Thus, in the parallel arrangement between excitation beam direction and detector, the transit time of the
generated acoustic wave across the laser cross-section determines the time resolution of ca. 15 ns using
signal deconvolution techniques. In view of the bandwidth of the piezoelectric elements employed for
the detection, the maximum lifetimes detectable by LIOAS are in the order of several µseconds [13,14]. 
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Fig. 1 Schematic representation of an LIOAS experiment.



The LIOAS signals for the sample are a convolution of the equipment response, as determined
with a calorimetric reference, and a function representing the time evolution of the pressure upon laser
excitation of the sample, often as a sum of single exponential terms (eq. 1). In order to properly assign
the various components, the lifetimes (τi) are compared to those obtained by other methods, typically
transient absorption data from laser flash photolysis. 

(1)

The amplitudes (ϕi) are analyzed as a sum of two components, one (αi) due to heat evolved by
radiationless deactivation and the other to changes in volume produced by molecular rearrangements of
chromophore and its environment (eq. 2). 

(2)

Φi and ∆Vi are the quantum yield and structural volume change, respectively, associated with the cor-
responding lifetime τi, Eλ is the molar laser energy, cp, ρ, and β are thermoelastic parameters of the
medium (i.e., the heat capacity, the mass density, and the volume expansion coefficient of the medium,
respectively), and qi is the heat evolved during the ith step [12,14].

Several biological energy converters and sensory transducers have been already studied by
LIOAS [15]. Other photothermal techniques, such as thermal grating [16] and photothermal beam de-
flection [17] have been used to resolve shorter-, as well as longer-lived radiationless processes, upon
excitation of biological photoreceptors as well as of other photoreactive systems. 

LIOAS applied to biological photosensors with isomerizable chromophores

We have unraveled some aspects related to the molecular origin of the time-resolved volume changes
for the case of chromoproteins with isomerizable chromophores. Our studies on sensory rhodopsin II
from Natronobacterium pharaonis have convinced us that there is a compensation between the values
of the enthalpy change and the structural volume change associated with the decay lifetime of ca. 1 µs
of the red-absorbing intermediate K to the next intermediate L (∆HKL and ∆VKL) when measured in
various media. This decay is the second component in the LIOAS signal analysis with eq. 1. The first
component, associated with K production, has a medium-dependent energy level, but the volume
change with respect to the parent compound does not depend on the medium [18].

We interpreted the above-mentioned compensation during K decay as a result of an enthalpy–en-
tropy compensation effect in view of the fact that both thermodynamic quantities (i.e., ∆HKL and ∆VKL)
are mainly determined by specific interactions between the chromophore and the medium (the protein
environment) by hydrogen bonds and salt bridges. The small changes in environment induce subtle
changes in the equilibrium between fluctuating structures (substrates) linked to the various possible
chromophore conformations. The value of ∆GKL remains constant because it is intrinsic to the reaction,
whereas the values of ∆HKL and ∆SKL depend on the medium and are most probably determined by the
strength and number of hydrogen bonds and salt bridges in the different substrates that constitute the
ensemble under each specific medium conditions [18]. 

A negative ∆H vs. ∆S correlation was observed for the formation and decay of K in halorhodopsin
from LIOAS measurements of N. pharaonis in the presence of various media, but always with Cl– as
the counterion [19]. The ∆H vs. ∆S compensations permitted in the latter cases the calculation of ∆G
for the particular reaction under scrutiny. In proteins and in aqueous environments, the values of the
structural volume changes could not be explained only by electrostriction (i.e, the solvent reorientation
due to changes in dipole moment of the solute). Rather, specific chromophore-protein interactions had
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to be invoked to explain the data. The nature of these specific interactions was analyzed by studying
model compounds undergoing photoinduced isomerizations (see, e.g., ref. [20]) and ET reactions (vide
infra).

ELECTRON-TRANSFER REACTIONS

D1-D2-Cyt b559 complexes

The D1-D2-Cyt b559 complex isolated from photosystem II (PS II) from green plants and cyanobacte-
ria is the minimum unit able to produce charge separation. According to present knowledge, this com-
plex consists of the D1 and D2 proteins, which bind six chlorophyll (Chl) a, two pheophytin (Pheo) a,
and a maximum of two β-carotene molecules (the carotene content depends on the preparation proce-
dure) together with the α- and β-subunits of cytochrome (Cyt) b559 [21]. This complex constitutes the
core structure of PS II, as can be recognized when analyzing the recent crystallographic structure of PS
II from cyanobacteria [22]. In the absence of quinones as secondary electron acceptors, the fate of the
photoproduced primary radical pair [P680+Pheo–] in the D1-D2-Cyt b559 complexes is to recombine via
radical pair mechanism to the triplet state 3[P680Pheo].  

Years ago, we observed an expansion for the formation of 3[P680Pheo] upon pulsed laser excita-
tion at room temperature of D1-D2-Cyt b559 complexes from spinach. However, no deconvolution of
the signals was carried out during those studies [23]. More recently, in order to understand the role of
the β-carotene molecules during excitation and subsequent electron transfer, samples obtained from
spinach with various β-carotene contents were studied in our laboratory by LIOAS, employing signal
deconvolution techniques. A sum of two single exponential terms (i = 2 in eq. 1) described well the
time-resolved pressure evolution upon light excitation, i.e., resulted in good fitting of the LIOAS sig-
nals. The amplitude of the first exponential term (eq. 2), associated with the production of [P680+Pheo–]
in samples with various β-carotene/chlorophyll ratios and β-carotene in the range of 0.5 to 2 per reac-
tion center, revealed an increase in the structural volume change with increasing β-carotene content
(going from a contraction for low β-carotene content to an expansion for large β-carotene content),
whereas the energy content and the production quantum yield of [P680+Pheo–] remained constant for
all samples. No influence (within the experimental error) of β-carotene content was observed in the
structural volume change associated with the decay of [P680+Pheo–] to 3[P680Pheo]. From these stud-
ies, we concluded that each of the two β-carotene molecules in the D1-D2-Cyt b559 complexes plays a
different role [24], in agreement with previous observations (see ref. [25]).

Undoubtedly, changes in time-resolved structural volume changes as a function of medium vari-
ation reflect subtle changes in chromophore-medium interactions, difficult to observe by other methods. 

Electron-transfer studies with model systems

We have studied by LIOAS several inter- and intramolecular ET reactions in aqueous and organic media
with the purpose of better understanding the molecular basis of the structural volume changes observed
in biological systems.

Various Ru(II)-bipyridyl cyano complexes were analyzed by LIOAS in aqueous solutions at var-
ious temperatures. Two exponential terms (i = 2 in eq. 1) fitted well the LIOAS signals. The molecular
expansion and contraction (∆Vstr) for the subnanosecond formation and hundreds of nanoseconds
decay, respectively, of the 3MLCT state of [Ru(II)(bpy)n(CN)6–2n]2n–4 complexes upon photoinduced
intramolecular electron transfer were identical, and the magnitude depended on the number of cyano
groups in the complex. The ∆Vstr values were attributed to photoinduced changes in the hydrogen-bond
strength between the cyano ligands and the water molecules in the first solvation shell (specific
solute–solvent interactions) [26]. Consequently, the linear enthalpy–volume correlation in aqueous salt
solutions was interpreted as arising from an enthalpy–entropy compensation effect induced by the
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added salt on the hydrogen-bond structure of water. In fact, this was our first observation of an enthalpy-
vs.-volume change compensation. This concept was supported by the linear correlation between the
∆Vstr values in the various salt solutions with the tabulated water-organizing ability of the respective
added salt as measured by their standard entropy changes [27]. 

Clark and Hoffman [28] reported some years ago that the intermolecular ET quenching constant
of Ru(II)-tris-bipyridine emission by methyl viologen depended on the anion present. For the same
ionic strength of the various monovalent anions employed, the rate of electron transfer was greatest
when the dominant anion had the weakest-held hydration sphere and the strongest structure-breaking
ability in water, ClO4

– in their case. Noticeably, the reversible potentials from the cyclic voltammetry
experiments for both partners, i.e., for Ru(bpy)3

3+/2+ and for MV2+/•+, were the same in all solutions,
irrespective of the nature of the monovalent electrolyte. This obviously means that at identical ionic
strength, the free energy for the redox reaction was the same in all electrolytes [28]. These results un-
derline the major role played by the counterion in an ET reaction between partners bearing the same
charge sign. 

Upon pulsed excitation at 443 nm of Ru(bpy)3
2+ aqueous solutions in the presence of MV2+ and

the same salts used by Clark and Hoffman, we obtained LIOAS signals that were well fitted by a sum
of two exponential terms (i = 2 in eq. 1). The preexponential factors associated with each decay (eq. 2)
in 0.1 M solutions of various salts were plotted vs. the ratio of thermoelastic parameters for each solu-
tion. Examples of the plots are given in Fig. 2. The first term, with a lifetime τ1 < 10 ns, independent
of the counterion present, was assigned to the formation of the 3MLCT of Ru(bpy)3

2+ (Fig. 2, lower
panel). The second term had a lifetime between 100 and 500 ns and a temperature dependence of its
amplitude different for the various counterions (Fig. 2, upper panel) [29]. The radical recombination re-
action back to the parent system takes place well in the submillisecond time range, exceeding by far the
upper limit of the LIOAS experiment (ca. 5 µs). The free-radical ions are the final products in our ob-
servation time window. 
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Fig. 2 Amplitudes times molar laser energy vs. the ratio of thermoelastic parameters for the production of 3MLCT
Ru(bpy)3

2+ (lower panel) and its quenching by MV2+ yielding the free-radical ions Ru(bpy)3
3+ and MV•+ (upper

panel) in the various media as indicated.



After due consideration of the emission by the portion of unquenched 3Ru(bpy)3
2+ and the rela-

tively low quantum yield for charge separation in each supporting salt solution, the total redox reaction
enthalpy (∆HR) and the corresponding structural volume changes (∆VR) linearly correlated with each
other (Fig. 3), with an intercept C = 162 kJ mol–1 coincident with the measured ∆GR = (140 ± 25) kJ
mol–1 [29]. The empirical linear dependence ∆HR = C + X ∆VR depicted in Fig. 3, together with
C = ∆GR, independent of the supporting salt, and Gibbs equation (∆HR = ∆GR + T∆SR), leads to the
conclusion that the linear ∆HR–∆VR correlation is the consequence of an enthalpy–entropy compensa-
tion induced by the added salt on the hydrogen-bond network structure of water [29]. Similar consid-
erations were applied later to the ∆HR–∆VR compensation found during the studies with the retinal pro-
teins from Natronobacterium salinarum (vide supra) [18,19]. 

Electron-transfer reactions in solution between partners of the same type of charge (i.e., both pos-
itive or both negative) should be mediated by the water hydrogen-bond network and the counterions
often present in large concentration due to the introduction of buffers. Therefore, in light of the above
findings, we reanalyzed the quenching reaction of the xanthene dye erythrosin triplet state (3Er2–) by a
metal cyanide anion Mo(CN)8

4–, now in the presence of various monovalent cations. This anion was
chosen because in our previous work it showed the largest structural volume change among the anions
used, albeit a small value in absolute terms [30]. At the concentrations used, the ion-pairing calculations
indicate that there is at least a 50 % probability that during the formation of the contact ion pair between
3Er2– and Mo(CN)8

4–, one counterion will be involved during the encounter of the ET partners.
The total quantum yield for the photoproduction of the free radicals Er3– + Mo(CN)8

3– upon ex-
citation of Er2– in the presence of Mo(CN)8

4–, as determined by laser flash photolysis by following the
transient absorption of the Er3– species at 410 nm, was independent of the counterion present (Li+, Na+,
K+, and Cs+, all at 4.4 × 10–2 M analytical concentration) for low reaction conversions. The buffer was
in each case the H3BO3/B(OH)4

–,M+ (pH 9.18 at 20 °C). 
A sum of two exponentials (i = 2 in eq. 1) fitted well the LIOAS signals. Recombination of the

separated radicals occurs in the ms time domain with a rate also determined by the counterion, as ob-
served by transient absorbance. Thus, the separated redox free radicals are the final products in the
LIOAS time window.

The enthalpy of triplet 3Er2–, ∆H1 = (180 ± 10) kJ mol–1, was obtained from the amplitude (eq. 2)
of the first (prompt) term and was independent of the cation. The structural volume change for
3Er2– formation was ∆V1 ca. 2 mL mol–1, attributed to intrinsic changes upon triplet formation. The pro-
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Fig. 3 Structural heat evolved, ∆HR, vs. structural volume change, ∆VR, for the formation of the free-radical ions
Ru(bpy)3

3+ and MV•+ from Ru(bpy)3
2+ and 10 mM MV2+ in H2O and in 0.1 M Na+ salts as indicated ([29] with

permission of the American Chemical Society. Copyright owner: American Chemical Society, 1999).



duction of the redox products Er3– + Mo(CN)8
3– upon triplet quenching led also to an expansion, ∆V2,

between 12 mL mol–1 for Li+ and 8 mL mol–1 for Cs+, which linearly correlated with the heat released
during the radical formation step [31]. 

Also in this case, the correlation was interpreted in terms of an enthalpy–entropy compensation
effect, due to the strong influence of the cations on the hydrogen-bond water network, documented by
the correlation between ∆V2 and the literature values for the ability of the cations to organize the water
structure [32]. The entropic term for the formation of the free radicals upon triplet quenching assigned
to the water network rearrangement was relatively large at room temperature. 

The value of ∆V2 is in principle a sum of electrostrictive and specific effects. The fact that ∆V2 > 0
can be qualitatively explained by the enlargement of the solvation sphere between the separated radicals,
most likely due to an enhanced coulombic repulsion {final: –3 × (–3) = 9 vs. initial: [–2 × (–4) = 8]}. 

The molar volume change due to electrostriction for the reaction from Er2– + Mo(CN)8
4– to the

free redox products Er3– + Mo(CN)8
3– is calculated with Drude–Nernst eq. 3 [33] for each of the ions

before and after electron transfer, 

(3) 

where z and r are the charge and the radius of the ion in solution (calculated from crystal data), ε is the
solvent relative permittivity, and ∂lnε/∂P is its partial derivative with respect to pressure. Should the the-
oretical value of B = 4.175 mL Å mol–1 be used, the values obtained for the oxidation Mo(CN)8

4–/ 3–

and for the reduction Er2–/ 3– add up to ∆Vel = 5.75 mL mol–1 for the ground-state ET reaction, i.e., less
than those derived from the measured values (∆VR = ∆V1 + ∆V2) and certainly independent of the coun-
terion. Using the semiempirical values for B at 25 °C between 9.2 and 13.4 mL Å mol–1 [33], ∆Vel be-
tween 13 and 18.5 mL mol–1, respectively, are obtained. These values lie closer to those measured for
∆VR, although still independent of the counterion, since the semiempirical B values take into account
possible interactions of the solutes with the surrounding water molecules, but not a cationic specific in-
teraction. The cation dependence of the ∆V2 values indicates a strong component from specific effects
during this step. ∆V2 and ∆H2 are larger for the case of structure-making Li+ since the number of hy-
drogen bonds affected is larger, whereas for the case of structure-breaking Cs+, the number of hydro-
gen bonds involved is smaller.

Factors determining DVR in aqueous media; conclusion

The above examples strongly indicate that the values of ∆VR and the associated ∆HR for photoinduced
reactions (ET and isomerizations) in aqueous media are mainly determined by specific interactions,
such as hydrogen bonds and salt bridges, between the chromophores and the first solvation shell and,
in turn, by the structure (e.g., the hydrogen-bond network) of the medium in which the solvated chro-
mophore is embedded. Electrostriction alone is not sufficient to explain the magnitude of the values ob-
tained.

Electron-transfer reactions in organic solvents

The form of eq. 2, readily derived from simple principles [13,14], indicates that it should be possible to
separate both contributions to the LIOAS signal amplitude (the enthalpy and the structural volume
changes) by varying the ratio cpρ/β. 

An alkane series was employed making use of the monotonic change of the ratio cpρ/β and as-
suming that ∆HR and ∆VR remain constant along the series [34,35]. The problems derived from this as-
sumption as well as possible new approaches were discussed by Zimmt and Vath [35]. We used slightly
different temperatures in the various alkanes such as to keep constant the compressibility, and thus a
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constant ∆Vel [36]. For some donor-bridge-acceptor (D-B-A) systems undergoing electron transfer
upon excitation and showing as a result of the transfer a large transient change in dipole moment, we
found that in these nonpolar solvents, electrostriction can explain the time-resolved ∆VR values deter-
mined by LIOAS [36,37]. 

Interestingly, the plots of the time-resolved LIOAS signal amplitudes, following eq. 2 for several
photoinduced reactions in a series of alkanes, yield straight lines in spite of the fact that the value of
∆Vel calculated with the Drude–Nernst eq. 3 is different for each of the alkanes. Herbrich and Schmidt
[38] rationalized this apparent contradiction by noticing that the product ∆Vel × (cpρ/β) is empirically
a constant = ∆Hel. Thus, considering that the total structural volume change (as well as the enthalpy
change) is a sum of an intrinsic and a solvent-dependent term and that the latter is a result of electro-
striction (i.e., ∆VR = ∆Vint + ∆Vsolv = ∆Vint + ∆Vel), in eq. 2, the constant term ∆Vel × (cpρ/β) becomes
part of the intercept. As a consequence, intrinsic enthalpy and structural volume changes (devoid of
electrostriction) are derived from the plots with eq. 2. This interesting empirical observation could also
be applied to the case of a cycloalkane homologous series used as solvents for the study of the photo-
chemical ring opening of a nitrospiropyrane [20].

However, photochemical reactions, especially ET processes in photosynthetic models, are fre-
quently conducted in polar organic solvents. Thus, we studied the well-known ET reaction between zinc
tetraphenylporphine (ZnTPP) and 1,4-benzoquinone (BQ) in a homologous series of nitrile solvents
consisting of acetonitrile, propionitrile, butyronitrile, and valeronitrile [39]. The LIOAS signal was
again well fitted by a double exponential function (i = 2 in eq. 1). The first component, with lifetime τ1
and amplitude ϕ1 (eq. 2) was attributed to the triplet 3ZnTPP formation, whereas τ2 and ϕ2, associated
with the second component, were due to the ET quenching of 3ZnTPP by BQ. In line with previous data
for tetrakis-(4-sulfonatophenyl)-porphine in aqueous solution [40], no structural volume change was
observed within the experimental error for the formation of 3ZnTPP. 

In the nitriles series, the method of variation of (cpρ/β) cannot be applied, inasmuch as the cal-
culated ∆Vel strongly changes along the series (vide supra). Furthermore, ∆Vel × (cpρ/β) is not constant
within this series. Thus, the ϕ2 amplitudes were measured in all four solvents for identical values of τ2
(i.e., for equal concentration of free ion pairs) and used in eq. 2 together with the measured (by flash
photolysis) quantum yields of charge separation Φ±. The necessary value of the enthalpy of formation
of the ion pair in each solvent was calculated by using eq. 4 [41], 

(4)

where Eox and Ered are the respective oxidation and reduction potentials of ZnTPP and BQ in aceto-
nitrile, and εace and εs are the relative permittivities of acetonitrile and the particular solvent. The val-
ues of rZnTPP and rBQ were obtained from literature. 

The entropy change of the redox reaction is neglected when using eq. 4 for the calculation of the
enthalpy change of charge separation (i.e., ∆H± = E±) upon 3ZnTPP quenching by BQ. Thus, the cal-
culated ∆H± values should be considered upper limits, because a decrease (albeit probably small) in en-
tropy should be expected upon electron transfer due to the higher order induced by the ions.

By making the energy balance and inserting the calculated E± values for the four solvents and the
measured Φ± values in eq. 2, eq. 5 is obtained, which serves to calculate ∆Vstr in each solvent 

(5)
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Comparison of ∆Vstr (–12.5, –21.2, –23.6, and –29.5 ml mol–1 for acetonitrile, propionitrile, bu-
tyronitrile, and valeronitrile, respectively) with the respective ∆Vel, calculated with eq. 3 and the data
for (∂lnε/∂P)T from [32], i.e., ∆Vel = –10.9, –13.6, –14.6, and –16.6 ml mol–1, shows that the difference
(∆Vstr – ∆Vel) increases from acetonitrile to valeronitrile having the values –1.6, –7.6, –9.0, and –12.9
ml mol–1 for the four solvents. Should the difference be attributed to the entropy change, then the dif-
ference would be (∆Vstr – ∆Vel) = – (β/cpρ) ∆S [42]. In view of the fact that ∆S should be negative (vide
supra), (∆Vstr – ∆Vel) would be positive, in disagreement with the calculated values. 

Within the approximations used, a correlation was established between (∆Vstr – ∆Vel) and
Gutman’s solvent donor ability [43]. We attributed this correlation to a specific interaction of the free-
electron pair of the nitriles aprotic solvents with the ZnTPP+ cation [40]. 

Thus, also in the case of the aprotic nitriles specific solute–solvent interactions should be taken
into account, in addition to electrostrictive effects, to explain the values of the structural volume
changes upon photoexcitation. 
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